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MICROWAVE  RESPONSE  OF  ARCTIC  SEA  ICE 


The  Center  for  Earth  Sciences  of  the  Environmental  Research  Institute  of  Michigan  (ERIM) 
continued  the  fundamental  study  of  the  active  microwave  behavior  of  Arctic  sea  ice.  Efforts 
focussed  on  two  major  activities  ~  the  characterization  of  microwave  properties  of  sea  ice  and 
related  modeling  activities.  The  microwave  signature  study  also  included  the  comparison  of  active 
and  passive  microwave  data,  relating  the  physical  properties  of  sea  ice  through  laboratory  and  field 
studies  to  SAR  signatures,  and  the  study  of  the  capability  of  polaiimetric  SAR  to  improve 
geophysical  property  retrievals.  We  have  also  made  a  major  contribution  to  the  Office  of  Naval 
Research  (ONR)  and  National  Aeronautics  and  Space  Administration  (NASA)  Sea  Ice  American 
Geophysical  Union  Microwave  Remote  Sensing  of  Sea  Ice  Monograph  68. 

Overall  Program  Goal 

The  overall  objective  of  this  research  program  is  to  advance  the  understanding  of  the 
electromagnetic  behavior  of  sea  ice  and  snow  and  to  develop  the  imaging  mechanisms,  based  upon 
measurement  and  theory,  from  which  satellite  algorithms  for  SAR  will  allow  extraction  of 
gecqrhysical  information,  such  as  ice  type  and  concentration. 

AnaJysis  and  Incorporation  of  Data  Acquired  Through  CRRELEK  and  CEAREX 

Polarimetric  data  acquired  during  CRRELEX  and  the  Coordinated  Eastern  Arctic 
Experiment  (CEAREX)  were  examined  and  reported.  There  are  two  important  results  derived 
from  this  analysis.  The  first  is  the  determination  of  the  utility  of  a  polarimetric  SAR  to  improve  the 
accuracy  of  geophysical  properties  gaierated  for  the  Arctic.  This  is  important,  in  that  the  Earth 
Observation  System  (EOS)  SAR  team  needs  to  be  able  to  credibly  show  the  utility  of  polarimetric 
SAR  to  justify  this  capability  on  the  proposed  EOS  SAR  sensor  suite.  This  discussion  is  a  primary 
focus  of  the  chapter  on  polarimetry  included  in  the  Sea  Ice  Monograph.  The  second  perspective  is 
that  polarimetric  measurements  provide  a  complete  characterization  of  the  scattered  field,  therefore 
these  results  are  impacting  our  thinking  about  sea  ice  scattering  by  supplying  poteitially  new 
information  and  insight,  while  confirming  our  original  understanding. 


The  physical  properties  of  sea  ice  have  been  related  to  signatures  empirically  and  through 
electromagnetic  modeling.  Data  acquired  during  the  CEAREX  Cruise  have  beai  used  in  support  of 
this  study.  In  addition,  detailed  measurements  were  made  of  microwave  properties  of  SAR  data 
obtained  at  1.25,  5.25,  and  9.38  GHz  in  mapping  modes  where  very  large  regions  (i.e.,  200  km  x 
300  km)  are  observed  using  satellite  type  parameter  sets  (i.e.,  ERS-1,  J-ERS-1,  and  RADARSAT). 
This  CEAREX  SAR  data  set  is  proving  to  be  invaluable  due  to  its  excellent  coincid^ce  with 
ground  truth  of  physical  ice  properties  and  the  unique  opportunity  to  address  the  relationship  of 
SAR  signatures  and  ice  thickness. 

Contributions  were  made  to  the  Sea  Ice  Monograph  and  are  presented  in  the  chapters  on  the 
active  microwave  /  in  situ  observations,  thin  ice  formations,  polarimetry  and  laboratory  studies. 
Citations  are  included  in  the  reference  summary  and  copies  of  these  chapters  are  provided  in  the 
appendix. 

Development  of  Radar  Look-up  Tables  for  Use  With  Satellite  SAR  Data 

Efforts  were  completed  on  the  development  and  refinement  of  the  radar  look-up  table 
(RLT)  composed  of  radar  scattering  cross  sections  for  use  with  satellite-based  geophysical  data 
product  applications.  Concentration  was  largely  directed  to  5.25  GHz,  23  degrees  incidence  angle 
and  W  anfftnna  transmit-receive  polarization  due  to  the  launch  of  ERS-1  which  operates  with  these 
radar  parameter  combinations.  Efforts  were  also  directed  to  insure  that  the  RLT  is  complete  and 
inchide-s  other  impending  radar  parameter  combinations  such  as  J-ERS-1  (L/HH/23°),  EOS 
(C/POL/20°-50°),  and  SIR-C  (L-C-X/POL/20°-50°).  A  second  aspect  of  this  effort  was  directed  to 
the  future  participation  in  the  validation  of  the  ice  type  products  that  will  be  produced  by  the  Alaska 
SAR  Facility  Get^hysical  Processing  System  Ice  Type  Discrimination  Algorithm.  It  is  important 
to  study  the  utilization  of  the  RLT  in  determining  ice  type,  determining  what  refinements  maybe 
needed,  examining  the  influence  of  region  on  accuracy  and  to  determine  if  there  is  a  need  to 
develop  a  RLT  with  regional  adaptability,  and  optimize  the  manner  in  which  the  RLT  may  be 
adapted  for  use  in  temporal  and  seasonal  studies  of  ice  sheet  processes  and  properties. 


Evolution  of  the  Microwave  Signature  of  First-Year  Ice 

Work  continued  in  the  description  of  the  evolution  of  the  microwave  signature  of  first-year 
ice  beginning  with  the  freezing  of  open  water.  Improvements  have  been  made  by  incorporating 
results  obtained  from  CKRELEX  and  CEAREX,  as  well  as  the  other  investigations  for  the  case 
when  conditions  are  winter-like.  This  work  includes  a  description  of  the  changes  in  the  physical 
properties  of  the  ice  sheet,  the  snow  and  frost  flower  layer,  dielectric  properties,  and  surface- 
roughness  statistics.  In  addition,  polarimetric  measuremaits  made  throughout  the  evolution  process 
provide  for  a  more  complete  electromagnetic  description  of  the  backscattered  field  for  a  wide  range 
of  frequaides  and  angles.  Further,  the  understanding  of  the  backscatter  response  of  new  and 
young  sea  ice  has  been  improved  by  the  integration  of  a  theoretical  dielectric  property  and 
scattering  models,  and  the  study  of  the  empirical  and  theoretical  responses  over  a  wide  frequoicy 
range  (1  to  35  GHz).  Figure  1  is  a  cartoon  which  illustrates  the  change  in  the  scattering  coeffidait 
as  ice  thickness  increases  from  0  cm  to  20  cm  based  on  results  obtained  in  the  laboratory.  Note 
that  cases  where  the  ice  is  snow  covered  or  bare,  and  whai  an  ice  sheet  has  rafted  has  now  been 
incorporated.  There  are  many  facets  of  this  function  which  are  of  interest.  We  have  observations 
which  show  that  the  liquid  ocean  takes  on  a  variety  of  cross  section  levels  due  to  wind  and  fetch 
conditions.  Note  that  conditions  observed  in  a  field  of  sea  ice  are  different  than  those  observed  for 
the  open  ocean.  New  ice  is  also  found  to  produce  a  signature  which  is  greater,  the  same,  or 
below  that  of  the  liquid  ocean  dq)ending  on  environmental  conditions.  In  the  calm  conditions  often 
encountered  during  lead  formation,  the  new  ice  signature  may  show  an  enhancement.  As  the 
dielectric  constant  of  the  ice  sheet  reduces  (a  function  of  ice  thictening),  the  backscatter  intensity 
will  reduce  to  a  point  where  the  lowest  backscatter  intensity  for  any  ice  condition  is  reached  (new 
ice  which  is  smooth  and  cold).  Frost  flowers  will  form  as  the  ice  continues  to  thicken  and  may 
continue  to  form  a  dense  development  if  the  ice  sheet  is  allowed  to  grow  undisturbed. 
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Bgure  1.  Hiis  figure  has  been  assembled  to  illustrates  file  change  in  file  scattering  coefficient  as  ice  fiiickness 
increases  from  0  to  350  cm.  There  are  many  facets  to  this  function  that  are  of  interest.  The  liquid  ocean 
backscatter  cross-section  levels  are  dependent  on  wind  and  fetch.  New  ice  produce  a  signature  which  is 
greater,  file  same,  or  below  fiiat  of  file  liquid  ocean  depending  on  environmental  conditions.  If  conditions  are 
calm,  the  new  ice  signature  may  show  an  enhancement.  As  fiie  dielectric  constant  of  file  ice  sheet  reduces  (a 
function  of  ice  thickening),  file  backscatter  intensity  will  reduce  to  a  point  where  the  lowest  backscatter 
intensity  for  aity  ice  condition  is  reached  (new  ice  which  is  smooth  and  cold).  Frost  flowers  will  form  as  the 
ice  continues  to  thicken  and  may  continue  to  form  a  dense  development  if  the  ice  sheet  is  allowed  to  grow 
undisturbed.  The  signature  which  results  is  the  greatest  possible  for  undisturbed  FY  ice.  It  almost  attains  a 
level  assodate  wifii  multiyear  ice.  The  infiltration  of  snow,  wind  or  time  result  in  file  disruption  of  the  frost 
flower  structure.  In  time,  fiie  snow  and  frost  flower  layer  undergo  a  continual  metamorphosism  and  results 
in  a  steady  reduction  in  the  backscatter  intensity  for  the  ice  sheet.  Ice  sheets  grown  under  cold  or  warm 
conditions  take  two  different  signature  paths  if  they  remain  bare  and  smooth.  Rafting  dramatically  and 
modifies  fiie  signature. 
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The  greatest  backscatter  intensity  for  undisturbed  first-year  ice,  almost  that  of  multiyear,  may  be 
obtained  when  the  above  is  true.  However,  with  the  infiltration  of  snow  and  increasing  ice 
thickness,  the  structure  of  the  frost  flowers  will  become  disrupted.  The  snow  and  frost  flower  layer 
will  undergo  a  continual  metamoiphosism  which  results  in  a  steady  reduction  in  the  backscatter 
intensity  for  the  ice  sheet  until  thicknesses  above  about  200  cm  are  reached. 

Summary  of  Accomplishments 

•  Measurements  made  during  CEAREX‘88  have  been  studied  and  the  impact  of  fall  freeze  up 
on  the  microwave  properties  of  thin,  first  year  and  multiyear  ice  are  described.  The  thin  ice 
signature  was  found  to  be  impacted  due  to  the  growing  conditions  associated  with  mild 
temperatures.  Once  air  temperatures  became  cold  other  ice  forms  attained  winter-like 
signatures. 

•  The  importance  of  the  upper  most  properties  of  a  multiyear  ice  sheet  have  been  studied 
further.  Measurements  have  been  compiled  to  describe  the  typical  range  of  properties 
(density,  salinity,  gas  bubble  size,  and  number  of  layers).  Backscatter  responses  have  been 
studied  to  tmderstand  sensitivities  to  property  variations. 

•  The  surface  roughness  statistics  for  sea  ice  during  summer  and  winter  has  been  compiled. 
Statistics  for  the  evolution  of  open  water  to  grey  ice  are  also  now  known.  In  addition,  the 
dielectric  properties  for  this  period  have  been  derived  from  reflectivity  measurem^ts  for 
frequaicies  from  5  to  17  GHz.  These  results  are  important  because  they  are  based  on  in- 
situ  measuremrats  and  provide  an  accurate  description  of  the  change  in  the  electrical 
properties  during  this  critical  paiod. 

•  The  characterization  of  the  impact  of  frost  flowers  on  young  sea  ice  both  from  a  physical 
and  electromagnetic  perq)ective  is  improving.  This  is  being  accomplished  by  the  study  of 
previously  measured  data  and  newly  acquired  data  (LEADEX).  A  better  understanding  of 
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the  change  in  dielectric  properties,  the  scale  of  the  dielectric  roughness  attributed  to  frost 
flowers,  the  relationship  between  frost  flower  development  and  ice  thickness,  and  the 
microwave  bdiavior  is  becoming  better  understood. 

•  The  response  of  the  polarization  ratio  (o°vv/®“hh  )  versus  thickness  has  been  examined. 

•  The  description  other  evolution  of  the  microwave  signature  of  first-year  ice  beginning  with 
the  freezing  of  opai  water  has  been  improved  with  the  contributions  of  observations  made 
during  CRRELEX  and  GEARED,  as  well  as  the  other  investigations  for  the  case  when 
conditions  are  winter-lite.  This  work  includes  a  description  of  the  changes  in  the  physical 
properties  of  the  ice  sheet,  the  snow  and  frost  flower  layer,  dielectric  properties,  and 
surface-roughness  statistics.  In  addition,  polarimetric  measurements  have  been  made 
throughout  the  evolution  process  providing  a  complete  electromagnetic  description  of  the 
backscattered  field  for  a  wide  range  of  frequencies  and  angles.  Further,  the  understanding 
of  the  backscatter  response  of  new  and  young  sea  ice  has  been  improved  by  the  integration 
of  a  theoretical  dielectric  property  and  scattering  models,  and  the  study  of  the  empirical  and 
theoretical  responses  over  a  wide  frequency  range  (1  to  35  GHz). 
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SUMMARY  OF  THE  REPORTING  OF  RESULTS 
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ABSTRACT 

Knowledge  of  the  interrelationships  between  ice  thickness, 
its  temperature  profile,  the  distribution  of  salinity,  the  dielectric 
property  profile,  and  roughness  of  the  air-ice  interface  is  important 
to  the  understanding  of  the  backscatter  response  of  new  and  young 
sea  ice.  Backscatter,  physical  property,  and  electrical  property 
measurements  made  in  the  laboratory  during  the  first  120  hours  of 
growth  aid  in  describing  the  evolution  of  first  year  ice,  in  this  case 
open  water  to  grey  ice  (14.5  cm  thick).  Results  discussed  herein 
describe  the  evolution  response  for  the  case  when  the  ambient  air 
temperature  is  about  -15 °C. 

INTRODUCTION 

Active  microwave  observations  of  artificially  grown  saline 
ice  are  presented.  Ice  which  simulates  arctic  first-year  sea  ice  was 
grown  in  a  large  outdoor  tank  during  an  active  and  passive 
microwave  and  ice  characterization  experiment  at  a  facility  located 
by  the  U.S.  Army  Cold  Regions  Research  and  Engineering 
Laboratory,  New  Hampshire.  Radar  backscatter  measurements 
were  made  at  5.2,  9.6,  13.6,  and  16.6  GHz.  Antenna 
polarizations  include  vertical,  horizontal,  and  cross.  Angles  of 
incidence  range  from  vertical  to  50  degrees.  During  this 
investigation  the  structure  and  salinity  profiles  of  the  ice  sheet,  the 
thickness  and  surface  temperature,  surface  roughness  and  dielectric 
properties  were  examined. 

ICE  SHEET  CHARACTERISTICS 

Important  electrical  characteristics  which  are  sensed  with 
active  and  passive  microwave  sensors  are  attributable  to  brine 
inclusions  located  as  between  the  long  vertical  ice  crystal  plates. 
The  size,  volume,  and  concentration  of  brine  in  these  inclusions  is 
very  sensitive  to  many  factors,  but  mainly  the  temperature  at  its 
locations.  The  volume  of  brine  in  the  ice  sheet  directly  impacts  its 
permittivity  and  influences  its  ability  to  scatter  and  transmit 
energy.  Ice  sheet  salinities  range  from  8  ppt  when  very  new,  to  2 
ppt  after  36  days  (for  an  ice  thickness  of  about  33  cm).  The  ice 
sheet,  grown  of  undisturbed  sea  water,  which  had  a  salinity  of  22 
ppt,  gave  the  visual  impression  of  being  spatially  homogenous. 

The  ice  surface  was  very  smooth  by  appearance  and  was  measured 
to  have  an  air-ice  interface  with  a  roughness  of  about  0.05  cm  rms 
and  a  correlation  length  of  l-to-2  cm. 


DISCUSSION 

Radar  reflectivity  and  backscatter  are  found  to  be  frequency 
sensitive  during  the  first  30  hours  of  ice  growth.  During  this 
rapid  growth  period,  frequency  sensitivity  is  attributable  largely  to 
the  interplay  between  the  dielectric  profile  of  an  ice  sheet,  which 
is  thin,  and  the  radar  wavelength.  The  concept  of  a  bulk  dielectric 
constant  aids  in  the  interpretation  of  the  measured  results.  During 
this  period,  the  roughness  of  the  ice  surface  is  essentially  constant, 
thereby  contributing  little  to  the  ffequency-time  response. 


However,  after  the  first  30  hour  period  the  bulk  dielectric  constant 
is  no  longer  as  frequency  sensitive,  but  backscatter  is  most 
modulated  by  changes  associated  with  the  ice-air  or  ice-snow 
interface. 

A  time-series  response  showing  the  evolution  of  open  water 
to  grey  ice  (14.5  cm  thick)  is  provided  in  Figure  1  for  illustration 
and  discussion.  This  response,  obtained  at  5.25  GHz,  is  shown  at 
incidence  angles  of  0°  and  40°,  and  VV-  and  HH-polarizations. 
These  observations  were  made  at  night  so  any  solar  influence  is 
negated.  Physical  property  observations  are  summarized  in  Figure 
2.  Two  responses  from  open  water  are  included;  (a)  at  the 
beginning  of  the  growth  cycle  with  small  ripples  present,  and  (b)  a 
rippless  case  at  the  end  of  the  growth  cycle. 

At  the  highest  microwave  frequencies  (9-17  GHz)  the 
transition  from  electrical  properties  associated  with  sea  water  to 
those  more  similar  to  pure  ice  is  dramatic,  requiring  less  than  2 
hours,  and  is  achieved  prior  to  an  ice  thickness  of  3  mm  (see 
Figure  3),  At  a  lower  microwave  frequency  (i.e.  5.25  GHz)  this 
transition  is  much  slower,  taking  20  hours,  by  which  time  the  ice 
thickness  became  5  cm.  Processes  progress  further  with  the  final 
result  being  a  transition  from  an  ice  sheet  with  a  high  dielectric 
constant  to  one  with  a  low  dielectric  constant.  With  T,i,  =  -15°C 
this  occurs  within  1  day  of  the  initiation  of  ice  formation  and  is 
attained  at  an  ice  thickness  of  7  cm. 

It  is  found  that  very  new  ice  undergoes  a  rapid  transition 
during  which  the  initial  ice  skim  begins  with  a  dielectric  constant 
of  sea  water  and  then  transitions  to  a  dielectric  within  a  factor 
twice  that  of  pure  ice  (3.14).  This  is  illustrated  in  Figures  4  and  5 
which  show  the  predicted  and  measured  response  of  the  magnitude 
of  the  bulk  dielectric  constant.  Visual  observations  suggest  that 
this  transition  is  associated  with  a  change  in  the  structure  of  the 
new  ice  layer,  one  with  stellar  crystals  interwoven  on  the  surface 
to  one  with  a  thin  bubble-and-brine  free  surface  layer.  It  is 
observed  that  new  ice  grown  under  calm  conditions  has  a  very 
smooth,  ice-air  interface.  The  surface  which  is  very  smooth  once 
the  ice  skim  forms  becomes  extremely  smooth,  and  then  roughens 
due  to  the  deposition  of  single  snow  crystals.  The  influence  of 
increased  air  temperature  (-5°C)  and  solar  heating  on  a  thin  ice 
sheet  is  shown  to  produce  an  enhanced  backscatter  at  all  angles. 
Additional  brine  liquid  is  known  to  be  produced  with  the  elevation 
of  ice  temperature.  There  is  about  a  7.5  dB  reduction  in  the 
reflectivity  (at  5.0  GHz  and  VV)  between  ice  at  0-to-l  cm  and  ice 
of  4-to-7  cm.  The  magnitude  of  this  reduction  is  largely 
determined  by  the  change  in  the  magnitude  of  the  dielectric 
constant. 

The  relationship  between  frequency  (5  to  17  GHz)  and 
penetration  depth  for  new  ice  is  important;  the  average  dielectric 
properties  of  an  ice  sheet  are  defined  by  this  depth.  It  is 
understood  that  longer  wavelengths  penetrate  further  into  young 
ice  than  shorter  wavelengths.  The  importance  of  this  is  supported 
by  the  results  illustrated  in  Figure  4. 

Observations  at  9.6  to  16.6  GHz  show  that  very  new  sea 
ice  attains  a  dielectric  constant  much  smaller  (about  4x)  than  that 
of  open  water  at  T  =  0°  almost  immediately  upon  the  initiation  of 
the  ice  growth  process.  These  observations  argue  that  brine  is 
gradually  being  expul sed  to  the  surface  as  the  freezing  process 
progresses,  that  there  is  a  peak  in  the  accumulation  (in  this  study 
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at  1  cm),  and  that  a  large  percentage  change  in  the  dielectric 
constant  occurs.  This  occurs  prior  to  the  transition  into  purc-ice- 
like  state,  A  frequency  dependency  is  seen  associated  when  tlie 
lowest  dielectric  constant  is  attained. 


SUMMARY 

Results  obtained  from  the  study  of  the  transition  of  open 
water  into  young  sea  ice  has  provided  insight  into  the  importance 
of  upper  ice  sheet  temperatures,  the  accompanying  dielectric 
constant  response,  and  the  collection  of  brine  and  free- water  at  the 
air-ice  interface  on  the  backscalter  response. 
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Figure  2.  Ice  Thickness,  Air  Temperature,  Ice  Temperature 
and  Bulk  Salinity  During  the  Evolution  of  Open 
Water  to  New  Ice. 


Figure  1.  Time  Series  Response  of  the  Backscalter  Response 
at  5.25  GHz  During  the  Evolution  of  Open  Water  to 
New  Ice  at  Nadir  and  40®  (VV  &  HH). 


Figure  3.  Time  Series  Response  of  the  Backscalter  at  Vertical 
During  the  Evolution  of  Open  Water  to  New  Ice 
Shown  as  a  Function  from  5.25  GHz  to  16.6  GHz. 
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ABSTRACT 

Near-surface  millimeter  and  microwave  measurements  were 
made  during  September-October,  the  fall  freeze-up  period,  in 
regions  located  to  the  North  and  East  of  Svalbard. 

Microwave  signatures  and  physical  properties  were  acquired 
at  a  large  number  of  stations  and  included  floes  composed  of 
multiyear,  first-year,  young,  and  nilas  sea  ice.  Systematic 
variation  in  the  thickness  and  density  of  the  ice  located  in  the 
uppermost  portion  of  multiyear  ice  sheets  was  observed.  In 
this  paper,  the  measured  and  predicted  backscatter  response 
was  examined  at  10  GHz,  The  impact  of  fall  freeze  up  on 
microwave  signatures  is  also  presented. 

Key  Words:  Sea  ice,  microwave,  radar,  and  fall. 


INTRODUCTION 

The  characterization  of  the  microwave  properties  of  sea  ice 
was  conducted  during  the  September-October  1989  segment 
of  the  Coordinated  Eastern  Arctic  Experiment  (CEAREX)  in 
regions  located  to  the  North  and  East  of  Svalbard.  During 
this  investigation  the  ice-strengthened  ship  R/V  Polarborn 
was  allowed  to  freeze  within  the  ice  pack  next  to  a  vast 
multiyear  ice  floe  composed  of  ice  of  dissimilar  origins.  In- 
si  tu  observations  of  microwave  signatures  and  physical 
properties  were  obtained  at  a  large  number  of  stations  during 
this  8-week  period  when  mean  air  temperatures  were  in 
continual  decline.  Ice  forms  in  the  immediate  vicinity  of  the 
drift  station  included  miiltiyciir-huinmock  (numerous  sites), 
multiyear-meltponds  (numerous  sites),  very  old  multiyear 
ice,  typical  multiyear  ice,  second  year  ice,  first  year,  and  a 
refrozen  lead.  Variations  in  the  thickness,  density,  bubble 
size  and  roughness  associated  with  the  ice  located  in  the 
uppermost  portion  of  multiyear  ice  sheets  were  detected  and 
documented.  Selected  examples  are  provided  here  to 
illustrate  the  impact  of  these  combinations  of  parameters  on 
their  microwave  signatures.  In  addition,  the  impact  of  fall 
freeze  up  on  the  microwave  signatures  of  four  major  sea  ice 
types  is  presented. 

The  backscattering  data  described  here  were  collected 
utilizing  a  surface-based  tower  which  was  positioned  at  each 
of  the  various  sites  to  obtain  angular  response  data.  The 
tower  was  also  transported  using  a  snowmobile  to 


interconnect  these  sites  so  that  the  inter  and  intra  floe  spatial 
variation  in  microwave  signatures  could  be  addressed 
further.  It  is  also  believed  that  the  physical  properties  which 
where  sampled  discretely  may  also  be  extended  by  their 
association  with  their  microwave  signatures.  Polarization 
diversified  data  were  acquired  at  9.38,  18,  35,  and  94  GHz 
over  the  incidence  angle  range  from  0°  to  70°.  In  this 
paper,  only  data  at  10  GHz  is  presented.  Sensor 
specifications  arc  summarized  in  Table  1. 

One  of  the  initiatives  of  this  study  is  to  obtain  a  better 
understanding  of  the  mean  and  variation  in  the  physical 
properties  of  sea  ice  forms  and  to  accompany  these 
observations  with  their  microwave  signatures  over  a  wide 
range  of  frequencies,  polarizations,  and  angles.  Scene 
variability  is  important  in  the  context  of  both  geophysical 
information  and  physical  property  retrieval.  The  data 
collected  are  also  critical  in  the  validation  and  development 
of  theoretical  sea  ice  models.  For  brevity,  the  discussion 
presented  here  is  limited  to  the  variation  in  the  properties  of 
the  upper-most  portion  of  multiyear  ice.  In  addition,  only 
one  of  a  possible  of  three  major  multiyear  ice  floes  will  be 
considered,  and  only  five  of  a  possible  ten  sites  within  this 
floe  will  be  presented. 


IMPACT  OF  FALL  FREEZE  UP 

The  impact  of  fall  freeze  up  has  been  examined  for  the  time 
period  of  about  1  to  15  October  when  air  temperatures 
ranged  from  -15°C  (o-20°C.  General  results  for  the  four 
major  ice  types  (multiyear,  first  year,  young,  and  nilas)  are 
summarized  in  Table  2.  For  the  cases  of  multiyear  ice,  first 
year  ice,  and  new  ice,  their  signatures  are  very  similar  to 
those  obtained  during  winter  conditions.  A  key  factor  is  that 
enough  cooling  has  occurred  that  the  cold  waves  have 
propagated  far  enough  into  the  ice  sheet  so  that  the  above  is 
true.  The  ice  form  that  is  impacted  during  fall  is  that  of 
young  sea  ice.  It’s  physical  properties  and  signature  is 
influenced  by  slow  growing  conditions,  i.e.  the  air 
temperatures  are  still  moderate  when  compared  with  winter 
conditions.  The  ice  in  a  refrozen  lead  next  to  the  drift  ship 
did  not  congeal  quickly  or  thoroughly.  The  top  few 
centimeters  were  composed  of  brine  enriched  snow  (salinity 
=  26  ppt)  and  slush.  When  the  sheet  became  thick  enough 
(35  cm)  the  upper  portion  of  the  lead  froze  more  completely 
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and  a  signature  enhancement  was  noted.  A  discussion  of  the 
anatomy  of  a  freezing  lead  is  provided  in  Gow  et  al  [1]. 

PHYSICAL  AND  MICROWAVE  PROPERTIES 

Five  multiyear  ice  sites  have  been  selected  as  representative. 
Four  of  these  sites  are  from  hummocks  and  one  is  from  a 
fresh  water  meltpool.  Their  physical  properties  are 
summarized  in  Table  3.  Important  observations  will  be 
summarized  here.  The  low  density  ice  (LDI)  in  the  upper 
portion  of  the  ice  sheet  is  one  of  the  two  sources  which 
produce  an  enhanced  backscatter.  A  pressure  ridge  which  is 
a  topographical  feature  represents  the  second.  To  highlight 
the  importance  of  the  LDI  layer,  the  backscatter  response  of 
a  hummock  and  a  fresh  water  meltpool  which  were  separated 
by  fifty  meters  and  were  resident  on  the  same  multiyear  ice 
floe  is  provided  in  Figure  1 .  The  critical  difference  between 
these  two  scenes  is  the  number  of  discrete  scatterers  (i.e.  gas 
bubbles)  in  the  top  15  ems  of  the  ice.  In  addition,  the 
number  of  scatterers  for  a  given  bubble  size  is  related  to 
density.  The  hummock  has  a  density  of  651  kgm  ^  while 
the  meltpool  has  a  density  of  914  kgm'^,  that  of  pure  ice. 

The  lower  the  density  of  the  LDI  layer,  the  greater  is  the 
number  of  discrete  scatterers  for  the  given  bubble  size.  In 
the  incidence  angle  region  from  30®  to  60°,  the  difference 
(>  15  dB)  between  these  two  multiyear  ice  responses  is 
striking  and  the  mechanism  well-defined. 

The  interface  between  snow  and  LDI  may  be  smooth, 
moderately  rough,  or  very  rough.  Rms  heights  ranged  from 
0.14  to  1.01  cm.  Correlation  lengths  were  very  similar  with 
a  range  from  2.0  to  4.6  cm.  It  is  typically  necessary  to 
characterize  the  LDI  layer  as  a  layer  of  icc  with  a  very  low 
density  which  is  then  proceeded  by  a  transitional  layer,  often 
composed  of  large  globs,  which  has  a  density  which  falls 
between  that  of  the  upper  most  LDI  layer  and  that  of  pure 
ice.  The  bulk  of  the  remaining  ice  sheet  also  has  a  density 
similar  to  that  of  pure  ice.  A  cartoon  is  presented  in  Figure 
2  to  illustrate  the  three  ice  layers  and  the  range  of  the 
critical  physical  properties  for  the  sites  under  discussion. 

The  angular  responses  of  the  backscatter  response  of  the  four 
multiyear  hummock  sites  are  shown  in  Figure  3  for  like  (VV 
and  HH)  and  cross  polarization  (VH  and  HV).  The  width  of 
the  mean  angular  response  interval  is  about  5  dB  for  like- 
polarization,  cross-polarization  is  about  one  dB  wider.  A 
preliminary  examination  of  the  ability  to  predict  the  ranking 
between  these  four  sites  has  been  made.  Basic  "rules  of 
thumb"  have  been  generated  for  the  range  of  physical 
property  parameters  measured  during  the  characterization  of 
these  sites  and  using  a  radiative  transfer  model  with  a  rough 
surface  and  Rayleigh  scatterers  [2,3].  The  results  of  a 
parametric  study  are  summarized  here: 

1)  Increasing  the  bubble  diameter  from  2  to  3  to 
4  mm  increases  the  like-pol  return  by  5  and  3  dB 
and  the  cross-pol  return  by  8  and  5.5  dB, 
respectively.  Hence,  the  depolarization  ratio 
decreases  from  10  to  7  to  4,5  dB. 

2)  Increasing  the  rms  roughness  from  0.125  to  .5 
causes  a  reduction  in  tr®  of  2  to  3  dB  =  O'" 
to  55°),  with  the  decrease  increasing  with 
incidence  angle.  Increasing  the  roughness  to  1.0 
cm  causes  an  additional  decrease  of  3  to  6  dB, 


3)  Increasing  the  density  from  500  to  600  to  700 
kgm’^  causes  a  reduction  in  of  1  and  1.5 
dB,  respectively.  cr®„oM  showed  a  2  and  3  dB 
reduction. 

4)  If  the  thickness  of  the  LDI  layer  is  changed 
from  5  to  10  to  20  cm,  then  increases  by 
2.5  dB  and  then  3  dB.  a®„o„  increased  by  5  dB 
in  each  case. 


5)  Varying  the  correlation  length  from  2  to  5  cm 
produced  little  effect. 

The  parameters  which  appear  outstanding  for  each  site  are 
now  discussed.  The  slight  salinity  in  the  case  of  Site  DS-4 
appears  important  because  the  LDI  layer  was  well 
developed,  but  the  overall  return  was  slightly  weaker  than 
two  other  cases.  Site  DS-7  may  be  considered  to  be  typical. 
Site  DS-9  is  interesting  because  it  represents  the  weakest 
like-pol  response  in  this  set.  Rms  roughness  was  found  to 
be  greater  for  this  site.  As  was  noted  in  the  parametric 
study  an  increase  in  roughness  will  cause  a  reduction  in  the 
like-pol  response  with  little  subsequent  reduction  in  the 
cross-pol  response,  except  at  the  largest  angles.  The  cross- 
pol  response  for  this  site  falls  in  the  middle  of  the  response 
range  for  these  sites.  Site  DS-13  is  of  particular  interest  in 
that  it  fits  in  the  upper  portion  of  both  the  like  and  cross 
polarization  response  ranges.  Its  LDI  layer  is  a  bit  unique  in 
that  the  upper  most  portion  is  relatively  thin,  but  of  very  low 
density  (513  kgm'^),  and  is  followed  by  a  very  high  density 
layer  (929  kgm'^)  which  contains  some  extremely  large  globs 
(diameters  of  I  cm).  Large  bubbles  contribute  to  large 
cross-sections  and  to  minimizing  depolarization  ratios. 

SUMMARY 

Fall  freeze  up  in  mid -October  was  found  to  have  its  greatest 
impact  on  the  microwave  signature  of  young  sea  ice.  This 
was  attributed  to  warm  temperatures  and  slow  growing 
conditions  when  compared  to  those  of  winter.  Ice  signatures 
for  multiyear,  first  year,  and  nilas  were  found  to  be  winter- 
like.  The  physical  properties  of  the  upper  10  to  20  cm  of 
multiyear  ice  are  shown  to  control  the  microwave  process. 

A  discussion  of  property  and  signature  variability  was  based 
on  measurements  obtained  from  five  representative  sites, 
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Figure  1.  The  angular  response  for  the  radar  scattering 
coefficient  of  a  multiyear  ice  hummock  and  meltpool  are 
shown  at  10  GHz.  The  responses  at  VV  and  HH 
polarizations  were  nearly  identical,  as  was  the  case  for  VH 
and  HV  polarizations. 
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Figure  3.  The  angular  response  of  the  scattering  coefficients 
for  four  multiyear  ice  hummocks  at  10  GHz  and  like-  and 
cross-  polarizations.  The  responses  at  VV  and  HH 
polarizations  were  nearly  identical,  as  were  the  VH  and  HV 
responses. 
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Figure  2.  This  is  a  cross-section  view  of  the  upper  portion 
of  the  ice  sheet. 


Table  1. 

CEAREX  Surface-Based  Radar 
System  Specifications 


Type 

FM-CW 

Frequency  (GHz) 

10 

FM  Sweep  (Mhz) 

1000 

Antenna  Beamwidlh  (°) 

9 

Polarizations’ 

VHX 

Height  (m) 

3 

Footprint  (m) 

0.7 

N  Frequency^ 

3.5 

N  Spatial'* 

4.7 

N  Total’ 

16 

a  Precision®  (Db) 

±1.9 

JV=VV,  H-HH,  X=VH  or  HV 
^Footprint  at  40° 

^Number  of  Independent  Samples  via  Excess  Bandwidth 
'^Independent  Samples  per  Spatial  Footprint 
^Total  Number  of  Independent  Samples  per  Footprint 
^Precision  Based  Upon  Translating  One  Footprint  Only 
(90%  confidence) 
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ABSTRACT 

Previous  research  studies  have  focused  on 
producing  algorithms  for  extracting  geophysical 
information  from  passive  microwave  data  regarding 
ice  floe  size,  sea  ice  concentration,  open  water 
lead  locations,  and  sea  ice  extent.  These  studies 
have  resulted  in  four  separate  algorithms  for 
extracting  these  geophysical  parameters.  Sea  ice 
concentration  estimates  generated  from  each  of 
these  algorithms  {i.e.,  NASA/Team,  NASA/Comiso, 
AES/York,  and  Navy)  are  compared  to  ice 
concentration  estimates  produced  from  coincident 
high  resolution  Synthetic  Aperture  Radar  (SAR) 
data.  The  SAR  concentration  estimates  are 
produced  from  data  collected  in  both  the  Beaufort 
and  Greenland  Sea  in  March  1988  and  March  1989, 
respectively.  The  SAR  data  is  coincident  to  the 
passive  microwave  data  generated  by  the  Special 
Sensor  Microwave/ Imager  (SSM/I). 

KEYWORDS:  Sea  Ice  Comparison,  SAR,  SSM/I,  Sea  Ice 
Concentration,  Sea  Ice  Algorithm  Comparison 

1.0  INTRODUCTION 

The  polar  research  community  has  been 
interested  in  the  determination  of  sea  ice 
products  from  the  arctic  region  since  the  launch 
of  the  Nimbus  5  Electrically  Scanning  Microwave 
Radiometer  (ESMR)  in  1972,  and  continued  through 
1987  with  the  Nimbus  7  Scanning  Multichannel 
Microwave  Radiometer  (SMMR).  Presently,  the  polar 
research  community  has  focused  its  attention 
towards  the  SSM/I  which  was  launched  in  June  of 
1987  aboard  the  Defense  Meteorological  Satellite 
Program  (DMSP)  Spacecraft  F8.  The  SSM/I  is  the 
first  of  seven  planned  SSM/Is  scheduled  for 
launch  over  the  next  two  decades  which  will  make 
available  passive  microwave  imagery  of  the  arctic 
region  well  into  the  twenty  first  century  [1]. 

Since  1972  the  polar  research  community  has 
been  developing  sea  ice  product  algorithms 
designed  to  extract  geophysical  information  about 
the  arctic.  The  focus  of  these  algorithms  has 
been  the  generation  of  ice  floe  size 
distributions,  open  water  lead  locations,  sea  ice 
concentration  maps,  and  sea  ice  extent  (the 
location  of  the  boundary  between  open  water  and 
the  ice  pack)  which  may  assist  in  the  generation 
of  global  climate  models  helping  us  to  further 
understand  our  biosphere.  During  this  period 
several  research  teams  have  developed  algorithms 
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which  produce  both  the  total  and  fractional  sea 
ice  percentages  from  passive  microwave  data. 

Verification  of  the  results  generated  from 
these  sea  ice  concentration  algorithms  was 
performed  separately  by  various  research  teams. 
Their  approach  (when  ground  truth  data  was  not 
available)  has  been  to  compare  the  results 
produced  from  coincident  data  sets  collected  by 
multiple  sensors,  then  try  and  explain  any 
discrepancies  found.  High  resolution  aircraft  SAR 
systems  can  provide  such  a  verification  since  the 
generation  of  reliable  ice  concentration 
estimates  can  be  performed  [2].  These  studies 
show  that  the  high  spatial  resolution  associated 
with  SAR  imagery  provides  the  ability  to 
delineate  individual  floes  and  leads  which  make 
the  determination  of  ice  concentration  easier. 

The  research  effort  reported  here  is  focused  on 
trying  to  determine  the  strengths,  weaknesses, 
and  accuracy  of  several  concentration  algorithms 
by  adopting  the  same  method.  The  approach  of  this 
analysis  is  to  compare  ice  concentration 
estimates  generated  by  four  of  the  most  widely 
used  concentration  algorithms  (i.e.  NASA/Team, 
NASA/Comiso,  AES/York,  and  Navy)  to  ice 
concentration  estimates  produced  from  coincident 
high  resolution  SAR  data.  Since  the  potential  of 
imaging  radars  for  discriminating  sea  ice  types 
has  been  demonstrated  using  manual  photographic 
interpretation  techniques  [3],  the  SAR 
concentration  estimates  are  generated  manually 
from  a  SAR  photographic  mosaic. 

2.0  SYSTEM  AND  MISSION  DESCRIPTION 

The  current  SSM/I  is  a  multichannel  passive 
microwave  radiometer  built  by  Hughes  Aircraft.  It 
was  designed  to  provide  synoptic  maps  of 
atmospheric,  oceanographic,  and  selected  land 
parameters  on  a  global  scale.  The  SSM/I  contains 
seven  linearly-polarized  channels  operating  at 
four  separate  frequencies  (i.e.,  both  horizontal 
and  vertical  polarization  at  19.3,  37.0,  and  85.5 
GHz  and  vertical  polarization  at  22.2  GHz).  The 
SSM/I  satellite  is  in  a  circular  sun-synchronous 
near-polar  orbit  at  an  altitude  of  approximately 
800  km.  The  orbit  period  is  102.0  minutes 
producing  14.1  full  orbit  revolutions  every  day. 
The  scanning  antenna  is  tilted  at  a  45  degree 
angle  to  the  satellite  spin  axis  and  sweeps  out  a 
1400  km  wide  swath  in  1,9  seconds.  The 
resolution,  or  footprint,  of  the  SSM/I  brightness 
temperatures  varies  according  to  the  frequency, 
where  the  footprint  is  approximately  55,  49,  32, 


and  13  km  for  the  19.3,  22.2,  37.0,  and  85.5  GHz 
channels  respectively  [1]. 

The  high  resolution  SAR  data  used  in  this 
analysis  was  generated  from  the  Naval  Air 
Development  Center  (NADC)  SAR  built  by  the 
Environmental  Research  Institute  of  Michigan 
(ERIM),  also  referred  to  as  the  NADC/ERIM  P-3 
SAR.  The  NADC/ERIM  P-3  SAR  is  a  multi  frequency, 
polarimetric,  SAR  installed  in  a  U.S.  Navy  P-3 
aircraft.  It  is  a  side-looking  SAR  that  operates 
in  both  strip-map  and  spotlight  mode.  The  center 
frequencies  are  9.35  GHz,  5.30  GHz,  and  1.25  GHz 
corresponding  to  X,  L,  and  C  bands  respectively. 
The  system  is  capable  of  recording  polarimetric 
data  corresponding  to  all  of  the  elements  of  the 
polarization  matrix  (i.e.  HH,  VV,  HV,  and  VH 
polarizations)  where  transmit  and  receive 
polarizations  can  be  altered  on  a  pulse-by-pulse 
basis. 

The  remote  sensing  data  used  in  this 
comparison  consists  of  imagery  recorded  in  the 
Beaufort  Sea  on  both  18  and  19  March  1988  and  in 
the  Greenland  Sea  on  17  and  20  March  1989.  The 
SAR  data  was  recorded  with  an  azimuth  resolution 
of  2.8  meters  (the  direction  parallel  to  the 
flight  track)  and  a  range  resolution  of  3.2 
meters  (the  direction  orthogonal  to  the  flight 
track).  This  imagery  was  collected  at  C-band  with 
VV-polarization  and  is  coincident  to  the  SSM/I 
overflights. 

3.0  ICE  CONCENTRATION  ALGORITHM  DESCRIPTION 

The  four  concentration  algorithms  included  in 
this  study  are  the  NASA/Team,  NASA/Comiso, 
AES/York,  and  Navy  ice  concentration  algorithms. 
The  NASA/Team  algorithm  is  a  multichannel 
concentration  algorithm  which  generates  both  the 
total  ice  percentage  as  well  as  the  multiyear  ice 
fraction.  It  utilizes  both  the  polarization  and 
spectral  gradient  ratios  from  the  19.3  and  37.0 
GHz  channels  to  determine  the  percentage  of 
multiyear  sea  ice  [4,5].  The  multichannel 
techniques  used  by  this  algorithm  were  adopted 
from  those  developed  for  the  multichannel  SMMR 
sensor  which  requires  a  unique  emissivity  for 
each  of  the  assumed  ice  types  within  the  scene. 
The  NASA/Team  algorithm  uses  the  "global"  set  of 
tie  points  listed  in  [4]  as  the  required  set  of 
emissivity  values.  The  NASA/Comiso  algorithm 
presented  in  this  analysis  is  also  a  multichannel 
algorithm  which  produces  the  total  ice  percentage 
only  from  the  19.3  and  37.0  GHz  SSM/I  brightness 
temperatures.  However,  this  algorithm  is  less 
rigid  than  the  NASA/Team  algorithm.  It  allows  for 
modification  of  the  tie  points  representing  the 
emissivity  of  each  ice  type  taking  into  account 
the  spatial  and  temporal  variability  of  the 
physical  characteristics  associated  with 
different  areas  within  the  arctic  [6].  The 
AES/York  algorithm  was  designed  to  retrieve  not 
only  the  basic  SSM/I  parameter  of  total  sea  ice 
concentration,  but  also  Identify  first-year, 
multiyear,  thin  ice,  and  open  water  within  the 
SSM/I  footprint.  Like  the  two  NASA  algorithms  it 
uses  both  the  19.3  and  37.0  GHz  channel  data  to 
determine  these  ice  types.  It  also  uses  fixed  tie 
points  representing  the  emissivities  of  each 
passive  microwave  ice  type  signature  [7].  The 
Navy  algorithm  is  a  tailored  version  of  the 
AES/York  algorithm.  It  generates  the  total  ice 
percentage  within  an  SSM/I  footprint  along  with 
the  predominate  ice  type  where  the  predominate 
ice  type  can  be  either  first-year  or  multiyear 
[1].  Like  the  other  algorithms,  the  Navy 


algorithm  uses  both  the  19*3  and  37.0  GHz 
brightness  temperatures  to  determine  the  total 
ice  percentage.  This  algorithm,  along  with  the 
NASA/Comiso  algorithm,  is  used  primarily  for 
determining  sea  ice  extent  as  well  as  the  first- 
year/multiyear  ice  pack  boundaries. 

4.0  ICE  CONCENTRATION  ALGORITHM  COMPARISON 

The  SAR  ice  concentration  estimates  are 
derived  manually  from  a  photographic  mosaic  which 
was  produced  by  optically  processing  the  digital 
SAR  data.  The  photographic  mosaic  represents  an 
area  of  continuous  SAR  coverage  on  approximately 
a  3.0  meter  grid.  The  SAR  concentration  estimates 
are  produced  by  dividing  the  SAR  mosaic  into  a 
5.0  km  grid  and  manually  interpreting  the  total 
ice  percentage  along  with  the  multiyear,  first- 
year,  and  open  water  ice  fractions.  Sea  ice 
concentration  maps  are  then  generated  on  a  1  km 
grid  for  each  of  the  sea  ice  concentration 
estimates.  These  concentration  maps  are  produced 
using  a  two  dimensional  cubic  spline 
interpolation  scheme.  The  SSM/I  concentration 
maps  are  produced  from  data  collected  by  multiple 
orbits  of  the  SSM/I  satellite  (orbits  spanning 
the  same  time  over  which  the  SAR  data  was 
collected).  Both  the  SAR  and  SSM/I  sea  ice 
concentration  maps  then  represent  a  one-to-one 
mapping  of  the  fractional  ice  type  over  a  given 
latitude  and  longitude  region. 

The  Beaufort  Sea  data  collected  on  18  and  19 
March  1988  represent  areas  of  100%  total  ice 
concentrations  where  the  18  March  mosaic  crosses 
the  first-year/multiyear  ice  pack  boundary  and 
the  19  March  mosaic  data  was  collected  in  the 
multiyear  ice  pack.  This  is  an  ideal  data  set  for 
measuring  the  strengths  of  the  Navy  algorithm 
which  produces  a  total  ice  concentration  estimate 
along  with  the  predominate  ice  type.  Figure  1 
shows  the  multiyear  sea  ice  concentration 
estimates  for  three  of  the  concentration 
algorithms  (NASA/Team,  AES/York,  and  Navy)  along 
with  the  SAR  estimates  plotted  as  a  function  of 
latitude  for  the  18  March  mosaic  data  (remember 
the  18  March  mosaic  crosses  the  first-year/ 
multiyear  ice  pack  boundary).  Notice  that  the 
AES/York  and  Navy  algorithm  estimates  track  the 
SAR  estimates  close  in  the  first-year  ice  pack, 
while  the  NASA/Team  algorithm  estimates  are 
closer  to  the  SAR  estimates  in  the  multiyear  ice 
pack.  Also  notice  that  all  three  algorithm 
estimates  are  higher  than  the  SAR  estimates 
(approximately  40%  to  50%  higher)  and  that  the 
NASA/Team  estimates  are  much  higher  than  the  SAR 
within  the  first-year  ice  pack  (approximately  30% 
higher).  This  misclassification  of  first-year  ice 
by  the  NASA/Team  algorithm  is  probably  due  to  the 
pressure  ridges  associated  with  first-year  ice  in 
the  Beaufort  Sea.  Figure  2  illustrates  the 
corresponding  plot  of  the  concentration  estimates 
as  a  function  of  latitude  for  the  19  March  mosaic 
data.  The  Navy  algorithm  estimates  the  entire 
area  as  100%  multiyear  sea  ice,  as  expected,  and 
the  AES/York  estimates  are  all  40%  to  50%  higher 
than  the  SAR  estimates.  However,  the  NASA/Team 
algorithm  produced  multiyear  concentration 
estimates  consistent  with  the  SAR  estimates. 

The  Greenland  Sea  data  collected  on  17  and  20 
March  1989  represents  areas  of  the  Marginal  Ice 
Zone  (MIZ)  which  contains  varying  amounts  of  open 
water,  first-year,  and  multiyear  sea  ice.  This 
data  is  good  for  testing  the  accuracy  of  the 
NASA/Team  and  AES/York  fractional  ice  type 
estimates  along  with  the  total  ice  percentage. 
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Figure  3  is  a  plot  of  the  total  ice  concentration 
estimates  versus  the  Corresponding  SAR  estimates 
for  the  17  March  1989  data.  The  key  on  the  plot 
illustrates  a  symbol  for  each  of  the  four 
algorithms  {the  NASA  Alg.  refers  to  the  NASA/Team 
algorithm  and  the  Comiso  Alg.  refers  to  the 
NASA/Comiso  algorithm)  along  with  the  slope  "a" 
and  y-intercept  "b"  of  the  linear  regression 
analysis.  Notice  that  the  linear  trend 
corresponding  to  each  of  the  algorithm  estimates 
is  relatively  close  to  the  line  with  slope  1.0 
and  y-intercept  0.0  (this  is  the  line  where  y*x 
representing  an  exact  match  between  the  SAR  and 
SSM/I  estimates).  The  AES/York  estimates  provide 
the  best  match  while  the  NASA/Comiso  estimates 
have  a  slope  very  near  1.0  shifted  by  -9.096. 
Figure  4  illustrates  the  corresponding  plot  for 
the  20  March  1989  data.  Again,  this  plot  shows 
relatively  good  results  for  the  NASA/Team, 
AES/York,  and  Navy  algorithms  while  the 
NASA/Comiso  algoVithm  tends  to  underestimate  the 
total  ice  concentrations.  Figures  5  and  6  show 
plots  of  multiyear  ice  concentrations  versus  the 
SAR  estimates  for  the  17  and  20  March  1989  data 
sets,  respectively.  These  plots  show  that  the 
Navy  algorithm  generates  ice  concentrations  that 
are  consistently  higher  than  the  SAR.  This  is 
expected  since  this  algorithm  generates  a  total 
ice  concentration  value.  Both  the  NASA/Team  and 
AES/York  algorithms  produce  multiyear  estimates 
that  are  consistently  lower  than  the  SAR.  This  is 
surprising  since  the  multiyear  estimates 
generated  for  the  Beaufort  Sea  data  were 
consistently  higher  than  the  SAR.  This  might  be 
due  to  different  characteristics  in  the  multiyear 
ice  signatures  between  the  two  locations,  or 
possibly  the  absence  of  pressure  ridges  from 
first -year  ice  in  the  MIZ  (remember  the  NASA/Team 
algorithm  misclassified  approximately  30%  of  the 
first-year  ice  as  multiyear  ice  on  the  18  March 
1988  Beaufort  Sea  data). 

5.0  CONCLUSIONS 

The  NASA/Team  algorithm  generated  multiyear 
ice  concentration  estimates  similar  to  the  SAR  in 
the  multiyear  ice  pack  for  the  19  March  1988 
Beaufort  Sea  data  (mean  difference  of 
approximately  6.5%).  It  also  produced  a 
misclassification  error  of  approximately  30%  (due 
to  the  pressure  ridges)  in  the  first-year  ice 
pack  for  the  18  March  1988  Beaufort  Sea  data.  The 
AES/ York  and  Navy  algorithms  were  not  affected  by 
the  pressure  ridges  in  the  first-year  sea  ice, 
both  produced  a  0%  multiyear  estimate  in  the 
first-year  ice  area.  Both  the  AES/York  and  Navy 
algorithms  were  able  to  distinguish  between  the 
first-year/multiyear  ice  pack  boundaries,  but 
they  also  overestimate  the  ice  concentrations  in 
the  multiyear  pack.  The  total  ice  concentration 
estimates  derived  from  the  17  and  20  March  1989 
Greenland  Sea  data  are  relatively  close  to  the 
SAR  estimates  for  the  NASA/Team,  AES/York  and 
Navy  algorithms.  Each  of  these  algorithms 
produced  a  Normalized  Standard  Error  (NSE)  less 
than  0.1,  where  the  NSE  is  computed  as  the  mean 
difference  between  the  SSM/I  and  SAR  estimates 
divided  by  the  mean  square  of  the  SAR  estimates 
(NSE  equal  to  zero  means  no  difference  between 
the  SAR  and  SSM/I  derived  concentration  esti¬ 
mates).  The  NASA/Comiso  algorithm  underestimated 
the  total  ice  percentage  for  the  20  March  1989 
data  (NSE  equals  0.2).  However,  a  much  larger 
discrepancy  was  found  in  the  multiyear  estimates. 
The  Navy  algorithm  which  produces  a  total  ice 


estimate  containing  mostly  multiyear  sea  ice 
generated  NSE  values  of  0.285  and  0.450  for  both 
the  17  and  20  March  Greenland  Sea  data 
respectively.  The  AES/York  algorithm  generated 
NSE  values  of  0.320  and  0.553,  and  the  NASA/Team 
algorithm  NSE  values  were  0.467  and  0.681  for  the 
17  and  20  March  1989  Greenland  Sea  data 
respectively.  This  implies  that  even  though  the 
Navy  algorithm  generates  a  total  ice  estimate, 
the  estimates  are  closer  to  the  SAR  estimates 
than  the  NASA/Team  or  AES/York  algorithm 
estimates. 
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Figure  1.  Multiyear  Concentration  Estimates  for 
NASA/Team,  Navy,  AES/ York  and  SAR  Algorithms 
using  18  March  1988  Beaufort  Sea  Data. 
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Figure  3.  Total  Ice  Concentration  Estimates  vs 
SAR  for  17  March  1989  Greenland  Sea  Data. 
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Figure  2.  Multiyear  Concentration  Estimates  for 
NASA/Team,  Navy,  AES/York  and  SAR  Algorithms 
using  19  March  1988  Beaufort  Sea  Data. 
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Figure  4.  Total  Ice  Concentration  Estimates  vs 
SAR  for  20  March  1989  Greenland  Sea  Data. 
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Figure  5.  Multiyear  Ice  Concentration  Estimates 
vs  SAR  for  17  March  1989  Greenland  Sea  Data. 
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ABSTRACT 

Surface-based  scatterometer  and  airborne  synthetic 
aperture  radar  (SAR)  data  of  Arctic  sea  ice  in  Fram  Strait 
were  obtained  during  March  1989  as  part  of  the  Coordinated 
Eastern  Arctic  Experiment  (CEAREX).  Statistics  of 
scattering  coefficients,  polarization  ratios,  depolarization 
ratios,  phase  differences,  and  correlation  coefficients  have 
been  determined  at  frequencies  of  1.25,  2.0,  5.25,  9.38,  and 
35  GHz  to  describe  the  scattering  behavior  for  each  of  the 
major  ice  types.  Ice  form  categories  were  numerous  and 
included  multiyear,  first-year,  nilas,  and  the  thinnest  forms, 
including  very  fine  spicules  of  ice  in  suspension.  These 
statistics  have  been  calculated  because  they  are  unique,  may 
be  understood  theoretically  and  empirically,  and  serve  as  the 
basis  to  discriminate  image  features. 

Key  Words:  sea  ice,  radar,  polarimetry 
INTRODUCTION 

Polarimctric  radar  observations  were  made  of  sea  ice 
in  the  Greenland  Sea  during  the  March  segment  of  the 
Coordinated  Eastern  Arctic  Experiment  (CEAREX).  During 
this  period  an  intensive  series  of  in-situ  observations  were 
made  to  study  several  distinct  ice  types.  Aircraft  overflights 
were  also  conducted.  One  of  the  objectives  of  this 
investigation  is  to  determine,  under  winter  conditions,  the 
active  and  passive  microwave  signatures  for  a  variety  of 
types  of  ice  and  to  relate  these  signatures  to  the  physical 
properties  of  the  ice.  A  second  objective  is  to  determine  the 
utility  of  a  polari metric  synthetic  aperture  radar  (SAR)  to 
improve  the  accuracy  of  geophysical  properties  generated  for 
the  Arctic.  Also  of  particular  interest  is  to  develop  the 
ability  to  discriminate  open  water,  new  ice,  and  nilas. 

During  CEAREX,  full  complex  scattering  matrix  data 
were  acquired  at  frequencies  in  the  bands  from  L  to  Ka. 

The  purpose  in  acquiring  these  data  is  many  fold  and 
includes  the  improvement  in  the  understanding  of  the 
scattering  properties  of  all  ice  forms  by  the  complete 
characterization  of  the  scatter  field  over  a  very  wide  range  of 
frequencies.  The  study  of  the  optimal  radar  parameter 
combinations  and  the  determination  of  the  utility  of  the  very 
robust,  polarimetrically  capable  radars  also  benefit  from 
these  data  collections  and  study.  With  a  polarimetric  radar, 


information  gained  is  based  on  the  exploitation  of  the  true 
complex  scattering  coefficients.  This  may  be  obtained  from 
the  phase  difference  between  returns  at  VV  and  HH 
polarizations,  the  differences  in  the  backscattcr  intensities  at 
the  various  polarizations  (i.e.  VV,  VH,  HH,  and  VH),  and 
the  correlations  between  these  complex  scattering 
coefficients.  It  is  hypothesized  that  if  the  full  scattering 
matrix  is  acquired  that  physical  property  information 
associated  with  preferred  geometric  orientations  or  internal 
anisotropic  physical -dielectric  properties  will  be  more 
accurately  obtained.  This  would  then  lead  to  improved  ice 
type  discrimination,  feature  identification,  and  geophysical 
property  retrievals.  This  may  allow  computer  algorithms  to 
be  simplified  because  of  the  ability  to  select  an  optimum 
subset  of  parameters  from  the  scattering  matrix,  and  possibly 
the  relaxing  of  SAR  resolution  requirements  while 
maintaining  algorithm  performance. 


EXPERIMENT  DESCRIPTION 

Radar  backscattcr  data  were  acquired  at  frequencies  of 
1.8,  5,  10,  and  35  GHz  from  the  rail  of  the  ice  strengthened 
ship  R/V  Polarbjorn  using  a  polarimctric  scaltcromelcr.  The 
ERIM/NADC  P-3  SAR  was  operated  at  1.25,  5.25,  and  9.38 
GHz  to  image  the  regions  which  were  the  subject  of  the 
intensive  in-situ  investigations.  Sites  were  located  near  the 
open  water  at  the  ice  edge  of  the  marginal  ice  zone  (MIZ)  to 
the  giant  floes  (diameters  greater  than  10  km)  in  the  ice  pack 
located  a  distance  of  35  nm  from  the  ice  edge.  In  summary, 
observations  included  open  water,  pancake  ice,  nilas  ice, 
young  ice,  first  year  ice,  and  multiyear  ice.  These  radar 
observations  were  carried  out  in  conjunction  with  the 
detailed  characterization  measurements.  A  summary  of  the 
physical  properties  for  four  major  ice  types  is  provided  in 
Table  1. 


PREDICTED  UTILITY 

An  analysis  was  performed  to  determine  the  ability  to 
exploit  the  polarization  ratio  and  phase  difference  for  five 
clutter  types  including  open  water,  very  new  ice,  new  ice, 
first  year  ice,  and  multiyear  ice.  Response  functions  derived 
from  the  small  perturbation  scattering  model  for  smooth 
surfaces  were  created  as  a  function  of  incidence  angle  and 

I 


24 


are  provided  in  Figures  1  and  2.  Proper  dielectric  constant 
values  are  critical  in  this  study  and  were  derived  from 
previous  radar  reflectivity  measurements.  Essential  trends 
are  described  herein.  In  the  transition  from  open  water  to 
new  ice,  brine  is  deposited  on  the  surface  of  the  new  ice, 
hence,  its  dielectric  constant  will  be  higher  than  that  of  open 
water.  Within  hours,  however,  the  ice  thickens  and  the 
dielectric  constant  reduces.  By  the  time  grey  ice  or  first 
year  ice  has  evolved  there  is  an  order  of  magnitude  change 
in  dielectric  constant.  The  dielectric  constant  for  multiyear 
ice  (the  upper  portion  of  the  ice  sheet)  is  about  30%  smaller 
than  that  for  first  year  ice.  Results  show  that  dielectric 
constant  and  incidence  angle  drive  these  ratios,  with  the 
largest  differences  occurring  when  there  are  larger 
differences  in  dielectric  constant.  Ratios  among  the  ice 
types  become  larger  with  increasing  incidence  angle.  Based 
upon  these  results  and  the  L,  C,  X  SAR  data,  it  appears  that 
the  greatest  ability  to  discriminate  new  ice  and  water  is 
obtained  at  L-band  by  using  the  polarization  ratio  to  segment 
open  water  and  then  detecting  at  VV-polarizalion  the  very 
weak  returns  produced  by  the  nilas  as  contrasted  to  the 
stronger  returns  of  open  water. 


DISCUSSION 

A  set  of  four  SAR  images  (HH,  HV,  VH,  VV) 
obtained  at  9.38  GHz  is  provided  in  Figure  3  to  illustrate  ice 
conditions  found  in  the  Greenland  Sea  on  21  March,  This 
scene  was  selected  because  it  includes  open  water,  nilas, 
young  first  year,  and  multiyear  ice  which  were  identified  by 
both  helicopter  reconnaissance  and  in-situ  sampling.  One  of 
the  important  features  in  this  image  set  is  the  extensive  lead 
area,  much  of  which  is  in  open  water.  Very  thin  ice  was 
found  to  form  in  the  shadowed  regions  of  the  open  water 
lead  which  lie  close  to  the  vast  multiyear  ice  floe  (lower 
right  hand  corner).  Adjacent  to  this  lead  in  the  lower  left 
hand  comer  is  a  band  composed  of  various  stages  of  grey 
ice.  A  diagram  of  sea  ice  types  identified  from  the  SAR 
imagery  is  presented  in  Figure  4. 


In  general,  the  information  within  the  four  images  of 
different  polarizations  is  very  similar,  except  in  the  case  of 
the  young  ice  types.  Interestingly,  the  like-pol  responses  are 
different  enough  to  have  utility,  and  the  comparison  between 
the  like-  and  cross-pol  responses  are  even  more  dramatic. 
Hence,  polarization  diversification  for  use  in  separating 
young  ice  forms  will  be  examined  with  interest.  The  nilas 
formed  in  the  shadow  areas  produced  a  barely  dctectible 
enhancement  in  backscatter  return  at  VV-poIarization.  The 
edge  between  ice  and  water  was  delineated.  Contrast 
between  these  two  ice  types  improved  with  decreasing 
frequency  (i.e.  at  C-  and  L-band).  The  cluttering  between 
the  various  young  ice  forms  in  the  grey  ice  band  suggests  a 
sensitivity  to  roughness  scales  at  this  frequency. 

A  set  of  SAR  derived  products  has  been  generated  and 
is  provided  in  Figure  5.  I'hese  include  (t°vvi 
span,  polarization  ratio,  depolarization  ratio,  correlation 
coefficient,  and  co-pol  phase  difference.  These  results  and 
their  interpretation  were  one  of  the  focusses  of  the  discussion 
of  this  presentation.  These  data  were  contrasted  with 
preliminary  results  obtained  by  the  surface-based 
scatterometer.  These  results  are  included  in  Table  2  for 
reference. 


SUMMARY 

A  comprehensive  collection  of  data  has  been  obtained 
to  characterize  the  microwave  properties  of  Arctic  sea  ice 
and  to  allow  further  refinement  of  satellite  SAR  geophysical 
algorithms.  Included  is  a  critical  set  of  data  in  which  areas 
of  open  water,  new  ice,  nilas,  and  young  first  year  have 
been  identified  by  in-situ  observations. 
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Figure  1 .  The  Polarization  Ratio  (a°HH/o°vv)  for  Open  Water,  Very 
New  Ice,  New  Ice,  First  Year  Ice,  and  Multiyear  Ice  has 
Been  Calculated  Based  on  the  Small  Perturbation  Model 
and  Measured  Dielectric  Constants. 
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Figure  3.  This  X-band  Quad-Pol  SAR  image  was  obtained 
in  March  1989  during  the  Coordinated  Eastern  Arctic 
Experiment  in  the  Greenland  Sea. 


26 


sites. 

Table  1 . 

Examples  of  Sea  Ice  Physical  Properties  During  CEAREX  March  1989 


Description  Multiyear  Thick  First-Year  Young  First-Year  Thin  First-Year 


Table  2. 

Preliminary  Polarimetric  Scatterometer  Results 
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Figure  5.  Polarimetric  discriminant  at  X-band  calculated  for 
multiyear  ice,  nilas,  and  open  water  for  21  March  CEAREX 
site. 
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This  chapter  disciisses  the  radar  measurement  of  sea  ice. 
The  underlying  theme  is  the  physics  that  now  make  it 
possible  to  use  active  microwave  techniques  to  obtain  infor¬ 
mation  about  the  frozen  ocean  instead  of  making  direct  in- 
situ  measurements  and  that  will  ultimately  make  it  pos¬ 
sible  to  use  those  techniques  for  continuous,  global  monitor¬ 
ing.  Basic  remote-sensing  concepts  are  presented  and  are 
followed  by  discussions  of  the  interaction  of  electromag¬ 
netic  energy  with  various  ice  types;  the  discussions  include 
the  ejffects  of  the  environment  and  of  physical-property 
perturbations.  Critical  links  among  ice  type  and  form, 
physical  and  electrical  properties,  and  backscatter  signa¬ 
ture  will  be  highlighted  and  discussed.  The  examples  used 
are  primarily  taken  from  Arctic  research;  however,  the 
principles  presented  are  equally  applicable  to  the  Antarctic 
region. 

5.1  Introduction 

Active  remote  sensors  that  operate  in  the  microwave 
portion  of  the  electromagnetic  spectrum  (i.e. ,  radars  operat¬ 
ing  at  wavelengths  from  2  to  24  cm)  provide  their  own 
source  of  illumination  and  have  been  xised  to  obtain  infor¬ 
mation  pertaining  to  ice-covered  waters.  Examples  of  such 
instruments  include  scatterometers  and  imaging  radars. 

Knowledge  of  ice  type,  thickness,  age,  and  state  are  of 
particular  interest  in  the  study  of  the  polar  oceans.  Of these 
parameters,  the  Holy  Grail  is  the  ability  to  estimate  the 
distribution  of  ice  thickness  accurately,  which  is  particu¬ 
larly  critical  in  supporting  chmate  studies.  Figure  5-1 
illustrates  the  key  backscatter  interactions  for  multiyear 
and  first-year  sea  ice,  and  for  open  water  without  wind. 
Multiyear  ice  (i.e. ,  ice  that  has  survived  a  summer  melt)  can 
be  disting^shed  from  first-year  ice  by  its  greater  thickness 
(1 .5  m  or  greater),  its  lower  salinity  (2.5%o  versus  7.7%o  for 
first-year  ice),  and  thicker  snow  cover  (0.4  m  versus  0.1  m 
for  first-year  ice).  The  backscatter  from  multiyear  ice  is  a 
function  of  both  siuface  and  volume  scattering  (because  of 
the  very  low  upper-ice  sahnity,  the  increased  radio  wave 
penetration  overtime,  anda  dense  population  of  gas  bubbles); 
whereas  backscatter  from  first-year  ice  and  from  the  ocean 
is  dominated,  in  large  part,  by  the  roughness  of  their 
surfaces  (i.e.,  both  are  high-loss  materials). 

Microwave  Remote  Sensing  of  Sea  Ice 
Geophysical  Monograph  68 
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In-situ  observations  in  the  Arctic  during  the  fall  freeze- 
up,  late  winter,  spring,  and  summer  have  been  conducted  to 
acquire  empirical  data  to  describe  the  microwave  proper¬ 
ties  of  sea  ice.  These  data  contribute  to  studies  whose  goal 
is  to  determine  the  ability  of  remote  sensing  to  classify  ice 
types  and  to  characterize  the  physical  and  electrical  param¬ 
eters  that  control  backscatter  intensity.  A  wide  range  of 
frequencies,  polarizations,  and  incidence  angles  have  been 
employed  to  determine  exactly  how  backscatter  is  influ¬ 
enced  and  to  optimize  the  selection  of  sensor  parameters  so 
as  to  extract  the  geophysical  parameters  of  greatest  inter¬ 
est. 

Results  indicate  that  many  features,  including  ice  types, 
pressure  ridges,  and  other  large-scale  topographical  fea¬ 
tures,  lead  (polynya)  formations,  and  icebergs,  have  unique 
microwave  signatxnres  that  may  be  distinguished  by  using 
radar.  Hence,  it  has  been  shown  that  backscatter  is  influ¬ 
enced  by  different  aspects  of  the  sea  ice  structure.  Selection 
of  wavelength,  polarization,  and  viewing  angle  allows  a 
measure  of  control  over  the  depth  at  which  the  snow  and  ice 
are  examined  and  helps  in  the  determination  of  the  domi¬ 
nant  scattering  mechanisms.  These  selection  options  are 
among  the  tools  the  scientist  has  to  capture  the  desired 
geophysical  information. 

Active  microwave  research  on  solid  oceans  began  in  1956 
with  a  flight  by  the  Naval  Research  Laboratory  R5D  Flying 
Laboratory.  The  goal  was  to  determine  the  scattering 
characteristics  of  sea  ice  in  the  region  near  Thule,  Greenland, 
when  0.4  to  10  GHz  radars  were  used  and  the  depression 
angles  were  less  than  20°.  The  first  attempt  to  map  sea  ice 
with  the  intent  to  retrieve  information  about  ice  properties 
was  made  in  the  early 1 960’s  by  the  U.S.  Army  Cold  Regions 

I —  Multiyear  — |-  First  Year  — Open  Water 

Low  Salinity  High  Salinity  High  Loss 

Low  Loss  High  Loss 


Surface/Voiume  Surfaoe/Snow  Cover  Surface 


Fig.  6-1.  Backscatter  interactions  for  multiyear  ice,  first-year  ice, 
and  smooth  open  water. 
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Research  and  Engineering  Laboratory  (CRREL)  [Ander¬ 
son,  1966].  Interest  in  mapping  sea  ice  began  with  the 
determination  that  during  winter,  first-year  and  old  ice 
could  be  distinguished.  Water  was  also  found  to  produce  a 
comparatively  weak  backscatter,  an  additional  element  of 
this  study  warranting  further  investigation.  Even  though 
sensors  at  that  time  provided  little  to  support  a  quantitative 
assessment,  these  results  have  propelled  research  efforts  to 
this  day. 

Historically,  in  the  1970’s  and  1980's,  programs  centered 
on  determining  what  information  was  contained  in  radar 
image  data  of  sea  ice;  often,  interpretation  of  the  imagery 
was  based  on  the  intercomparison  of  radar  and  optical 
imagery.  The  rigor  of  investigating  the  backscatter  behav¬ 
ior  and  the  mechanisms  responsible  for  it  gained  momen¬ 
tum  in  the  middle  1970's  during  a  time  when  in-situ  mea¬ 
surements  complemented  the  aerial  observation  programs. 
The  institution  of  air  and  in-situ  campaigns  was  pioneered 
and  promoted  by  Ramseier  et  al.  [1982]  and  others,  begin¬ 
ning  with  the  1973  US-USSR  Bering  Sea  Experiment  and 
the  1975-1976  Arctic  Ice  D3mamics  Joint  Experiment 
(AIDJEX)  efforts  [Campbell  et  al.,  1978].  The  addition  of  in- 
situ  active  microwave  measurements  and  ice  characteriza¬ 
tions  was  instituted  by  R.  K  Moore  (University  of  Kansas) 
in  1976.  The  approaches  developed  in  the  1970’s  continue 
today,  with  refinements  in  the  sets  of  features  sampled,  the 
capabihties  of  the  measurement  sensors,  and  the  missions 
of  the  experiments. 

5.2  Scattering  Measurements 

Until  the  late  1970’s,  knowledge  of  the  active  microwave 
signature  of  sea  ice  was  more  qualitative  than  quantitative. 
This  is  primarily  attributed  to  difficulty  with  surface- 
truthing  aircraft  radars  (which  were  flown  over  much 
greater  distances  than  could  be  studied  easily  by  surface 
parties)  and  to  limitations  on  the  size  of  an  in-situ  activity 
and  its  large  logistics  cost.  Hence,  the  primary  surface- 
truthing  tool  was  aerial  photography.  Early  radars  were 
rarely  designed  to  provide  an  absolute  measurement,  and 
the  utilization  of  relative  backscatter  data  was  difficult 
even  in  making  pass-to-pass  comparisons;  it  was  definitely 
difficult  in  making  sensor-to-sensor  comparisons. 

Radar  scatterometers  were  developed  to  provide  accurate 
measurement  of  the  scattering  properties  of  terrain  and 
ocean  surfaces.  The  radar  backscatter  is  defined  in  terms 
of  a  differential  radar  cross  section  per  unit  area  a°.  This 
representation  is  used  when  backscatter  is  from  an  incoher¬ 
ent  collection  of  a  very  large  number  of  independent  scatter- 
ers  [Ulaby  et  al,,  1982]. 

Aircraft  campaigns  began  with  observations  at  single 
frequencies  and  polarizations.  Today,  aircraft  and  in-situ 
systems  have  complete  polarization  diversification  and 
operate  at  multiple  firequencies.  Sensors  that  are  fully 
polarimetric  allow  the  near-simultaneous  retrieval  of  both 
orthogonal  transmit  and  orthogonal  receive  polarizations 
(W,  VH,  HV,  and  HH)  and  preserve  the  relative  phase 
difference  between  channels  (see  Chapter  24).  Side-looking 


airborne  radars  (SLAR’s)  and  S3nithetic  aperture  radar 
(SAR)  observe  a  ground  pixel  at  only  one  incidence  angle. 
Near-surface  scatterometers  often  adlow  for  a  full  micro- 
wave  characterization  over  a  wide  range  of  frequencies, 
polarizations,  andinddence  angles.  Aircraft  scatterometers 
have  a  similar  capability,  but  have  been  limited  to  a  few 
frequencies  and  a  more  difficult  absolute  calibration. 

The  measurement  programs  had  two  important  tasks. 
The  primary  task  was  to  provide  for  the  optimum  use  of 
existing  radar  systems  and  support  the  development  of 
future  satelhte  and  aircraft  radars,  both  aims  to  be  fur¬ 
thered  by  documenting  the  mean  and  variability  of  the 
radar  backscatter  for  the  various  ice  forms  as  functions  of 
season,  region,  and  formation  conditions.  This  description 
allowed  for  selection  of  sensor  frequency,  angle,  and  polar¬ 
ization  to  get  the  information  desired.  The  second  aspect, 
the  primary  interest  of  today,  was  full  characterization  of 
the  mechanisms  responsible  for  an  ice  microwave  signature 
and  development  of  the  understanding  that  would  allow  the 
optimum  retrieval  of  geophysical  information. 

Progress  toward  this  second  goal  began  with  the  works  of 
Anderson  [1966],  Dunbar  [1969],  Ketchum  and  Tooma 
[1973],  Dimbar  and  Weeks  [1975],  and  J ohnson  and  F armer 
[1971].  Quantitative  measurements  began  with  Rouse 
[1 969]  and  the  study  of  data  acquired  in  May  1 967,  with  the 
NASA  1 3.3-GHz  (VV)  scatterometer  on  sea  ice  in  the  Beau¬ 
fort  Sea,  A  correlation  between  ice  type  and  the  magnitude 
of  the  backscattering  coefficient  was  made.  This  was 
extended  by  Parashar  et  al.  [1977],  describing  1970  mea¬ 
surements  at  400  MHz  and  13.3  GHz,  compared  with 
15-GHz  multipolarized  images.  Gray  et  al.  [1977]  sug¬ 
gested  that  seven  ice  types  could  be  classified  at  15  GHz  by 
using  combinations  of  the  magnitude  and  the  angular 
dependence  of  the  scattering  coefficient.  Complementary 
work  by  Glushkov  and  Komarov  [1 971]  and  Loshchilov  and 
Voyevodin  [1972]  in  the  USSR  during  this  period  led  to  the 
development  in  the  early  1970’s  of  an  operational  ice  sur¬ 
veillance  system  based  on  a  real  aperture  radar  (RAR) 
system  called  Toros  that  operated  at  16  GHz. 

5.2.  i  Description  of  In-Situ  Data  Collections 

An  increase  in  scientific  and  operational  interests  in  the 
ice-covered  regions  of  the  Arctic  Ocean  resulted  in  an 
extensive  set  of  experiments  involving  the  use  of  radar  for 
monitoring  the  properties  of  sea  ice.  These  experiments 
used  aircraft-bome  scatterometers,  SLAR^s,  and  SAR’s,  as 
well  as  surface-based  scatterometers.  The  goal  of  these 
efforts  was  to  gain  more  information  regarding  the  ice  and 
the  radar  methods  for  measuring  its  properties.  The  result 
of  the  observations  has  been  the  documentation  of  scatter¬ 
ing  and  scene  properties  for  various  seasons,  regions,  ice 
types,  and  ice  formation  conditions. 

The  in-situ  microwave  and  physical  ice  property  charac¬ 
terizations  that  serve  as  the  primary  basis  of  this  chapter 
were  initiated  in  1977.  Since  that  time,  there  have  been 
observations  conducted  in  the  Beaufort  Sea,  Central  Arctic, 
Greenland  Sea,  Eastern  Arctic  Ocean,  Labrador  Sea,  and 
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Barents  Sea.  Seasons  have  included  fall  freeze-up,  early 
winter,  late  winter,  early  spring,  and  summer.  Experi¬ 
ments,  locations,  seasons,  and  observations  are  summa¬ 
rized  in  Table  5-1. 

Sensors  for  the  in-situ  measurement  programs  have  been 
varied.  The  transportable  microwave  active  spectrometer 
(TRAMAS)  was  an  important  contributor  in  the  late  1970*s 
(see  Figure  5-2).  Sensor  development  has  continued  with 
the  addition  of  rapid  data-acquisition  systems  that  allow 
efficient  operation  from  both  helicopter  and  ship. 

5.2,2  Radar  Integral  Equation 

A  radar  incorporates  a  transmitter  and  receiver.  The 
transmitted  energy  that  returns  back  to  the  radar  is  of  great 
interest;  its  magnitude  is  determined  by  the  scattering 


properties  within  the  illuminated  area.  The  average  re¬ 
ceived  power  (Pp  may  be  obtained  by  the  use  of  the  integral 
radar  equation  for  distributed  targets 


P 


(1) 


where  is  the  power  transmitted,  G  is  the  antenna  gain,  A 
is  the  wavelength,!?  is  the  range  from  the  radar  to  the  terrain, 
A  is  the  illuminated  area,  and  (f  is  the  radar-scattering 
coefficient.  The  radar-scattering  coefficient  is  a  function  of 
frequency,  incidence  angle,  and  polarization  and  is  an 
absolute  measure  of  scattering  behavior. 


TABLE  5-1.  Near-surface-based  scatterometer  investigations. 


Mission,  year  of 
data  collection 

Location 

Month 

Ice  types 

Frequencies,  band 

CEAREX,®  1989 

Fram  Strait 

January-March 

OW-MY 

P,L,C,X,Ku,Ka,W 

CRRELEX,‘'1989 

Ice  tank 

January  and  February 

OW-ThFY 

L,C,X,Ka(aliare 
fully  polarimetric) 

CEAREX,  1988 

Fram  Strait 

September-December 

OW-ThFY-MY 

P,  L,  C,X,Ku,  Ka,W 

CRRELEX,  1988 

Ice  tank 

January  and  February 

OW-ThFY 

L,  C,X(allare 
fully  polarimetric) 
X,Ku,  Ka,W(all 
are  noncoherent) 

BEPERS, 1988 

Bothnia 

March 

Brackish 

X 

MIZEX,'^  1987 

Fram  Strait 

March 

OW-MY 

P,  L,  C,X,Ku,Ka 

CRRELEX,  1985 

Ice  tank 

J  anuary— March 

OW-ThFY 

C,X,Ku 

MIZEX,  1984 

Fram  Strait 

June  and  July 

OWThFY-MY 

L,  C,  X,  Ku 

MIZEX,  1983 

Fram  Strait 

June  and  July 

OWThFY-MY 

L,  C,  X,  Ku 

FIREX,®  1983 

Mould  Bay 

April 

FYSY 

C,X,Ku 

FIREX,  1982 

Mould  Bay 

June  and  July 

OWTFYMY 

L,  C,X,Ku 

Lab  Sea,  1982 

Labrador  Sea 

February 

OWNW-ThFY 

L,  C,  X,  Ku 

Sursat,^  1981 

Mould  Bay 

September  and  October 

Gray  MY 

L,  C,  X,  Ku 

YMER, 21980 

East  Greenland  Sea 

September 

OWFY-MY 

L,  C,  X,  Ku 

Sursat,  1979 

Tuktoyaktuk 

March 

Brackish  FY 

L,  C,X,Ku 

UKansas,^  1978 

Pt.  Barrow 

April 

FYlake 

L,  C,X,Ku 

UKansas,  1977 

Pt.  Barrow 

May 

TFY  MY  lake 

L,X,Ku 

FY  =  first-year  ice 
MY  =  multiyear  ice 
ThFY  =  thin  first-year  ice 
TFY  =  thick  first-year  ice 
SY  =  second-year  ice 
OW  =  open  water 
NW  =  new  water 


®  CEAREX  =  Coordinated  Eastern  Arctic  Research  Experiment 
^  CRRELEX  =  Cold  Regions  Research  and  Engineering  Laboratory  Experiment 
®  BEPERS  =  Bothnian  Experiment  in  Preparation  of  ERS-1 
^  MIZEX  =  Marginal  Ice  Zone  Experiment 
®  FIREX  s=  Free-flying  Imaging  Radar  Experiment 
^  Sursat  =  Surveillance  Satellite  Experiment 
®  YMER  =  a  Swedish  Experiment 
^  UKansas  =  University  of  Kansas  Experiment 
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Fig.  5-2.  TRAMAS  was  the  first  in-situ  active  microwave  system  to  obtain  measurements  of  sea  ice,  and  was  developed  in  1976  at  the 
University  of  Kansas  [Onstott  et  al.,  1979]. 


5,2,3  Origin  ofBackscatter 

What  is  the  origin  of  the  backscatter  for  sea  ice?  The  basic 
hypothesis  is  that  backscatter  is  influenced  by  the  sea  ice 
structure.  Questions  center  on  the  importance  of  scatter 
from  the  surface  of  the  snow  layer,  the  interior  of  the  snow, 
the  snow-ice  interface,  the  upper  portion  of  the  ice  sheet, 
the  interior  of  the  ice  sheet,  and  the  ice-water  interface. 
The  way  in  which  sea  ice  forms,  its  history,  and  its  age  are 
important  in  determining  its  microwave  properties.  When 
ice  is  young,  its  surface  may  be  smooth  (if  it  grows  undis¬ 
turbed)  or  rough  (if  it  is  agitated  by  wave  action).  Ice  may 
exhibit  a  thin  layer  of  brine  on  its  surface,  thereby  limiting 
electromagnetic  wave  propagation  to  depths  of  a  wave¬ 
length  or  less.  With  the  high  concentration  of  brine  in  its 
interior,  new  ice  near  its  freezing  point  is  extremely  lossy 
and,  again,  penetration  is  limited. 

With  age,  the  volume  of  brine  in  first-year  ice  reduces  (see 
Chapter  2),  but  the  ice  remains  lossy.  During  summer,  the 
ice  that  survives  the  process  of  melt  has  developed  addi¬ 
tional  surface  relief,  has  had  the  density  of  the  upper 
portion  of  the  ice  sheet  reduced,  and  has  desalinated.  These 


three  characteristics  contribute  to  the  difference  in  the 
microwave  signatures  of  FY  and  MY  ice.  A  cross-sectional 
view  is  provided  in  Figure  5-3.  First-year  ice  has  few 
internal  scatterers,  and  these  are  small  compau’ed  to  a 
wavelength.  The  penetration  depth  in  multiyear  ice  may  be 
several  wavelengths,  and  there  is  a  significant  number  of 
gas  bubbles  with  diameters  of  1  to  3  mm  found  within  this 
volume.  The  physical  models  shownin  Figure  5-4  help  focus 
attention  on  the  important  aspects  of  these  two  ice  types. 

5.2,3, 1,  Microwave  signature  for  new,  young,  and  thick 
first-year  ice.  The  dominant  backscatter  mechanism  asso¬ 
ciated  with  first-year  ice  is  surface  scattering  and/or  scat¬ 
tering  from  the  region  very  near  the  ice  surface.  The  radar- 
scattering  coefficient  may  be  expressed  as 

0“°/^  (ft  )^Kr  (p,f,  ft* ,  Er  )  SF  {pyf  Gy  i)  (2) 

which  is  a  fimction  of  the  Fresnel  reflection  coefficient  (F), 
a  shape  fimction  (SF),  and  a  scaling  constant  (K).  The  re¬ 
flection  coefficient  is  a  function  of  incidence  angle  (0^,  the 
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(e)  (f) 


Fig.  5-3.  Snow  ana  ice  conditions  encoxintered  on  multiyear  ice  during  (a)  winter  and  early  spring,  (b)  late  spring,  (c)  early 
summer  to  midsummer,  and  (d)  midsummer  to  late  summer.  Snow  and  ice  conditions  encoimtered  on  first-year  ice 
during  (e)  winter  and  early  summer,  (f)  late  spring,  (g)  early  summer  to  midsummer,  and  (h)  midsummer  to  late  summer 
[Onstott  et  al.,  1987]. 
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Fig.  5-4.  Cross  sections  of  (a)  first-year  and  (b)  multiyear  sea  ice. 


transmit-receive  antenna  polarization  (p),  frequency  (ft, 
and  the  complex  dielectric  constant  (e*).  The  shape  func¬ 
tion  is  a  function  of  polarization,  frequency,  the  root  mean 
square  (rms)  surface  height  (a),  and  the  surface  correlation 
length  (/). 

In  summary,  the  important  sea  ice  parameters  (primary) 
are  £*,  because  it  acts  to  set  the  absolute  backscatter  level, 
and  the  surface-roughness  statistics  tjand  /,  because  they 
influence  the  shape  function.  They  act  independently  of 
environmental  forcing  and  have  been  decoupled  to  study 
their  impact  on  the  backscatter  signature.  See  Chapters  8 
and  9  for  additional  discussion  on  the  depth  of  penetration 
and  for  comparison  of  measured  and  predicted  data. 

5.2. 3.2.  Microwave  signature  for  multiyear  ice.  The 
backscatter  of  multiyear  ice  is  attributed  to  gas  bubbles  in 
the  upper  portion  of  the  ice  sheet.  (See  Chapters  8  and  9.) 
Propagation  through  a  volume  of  dielectric  discontinuities 


or  discrete  scatterers  (i.e.,  gas  bubbles  in  an  ice  matrix)  may 
produce  volume  scattering.  These  results  may  be  predicted 
(zero-order)  by  assiiming  that  each  bubble  is  characterized 
by  a  cross  section  proportional  to  its  radius  to  the  sixth 
power.  The  total  backscatter  is  then  proportional  to  the 
sum  of  all  cross  sections  [Kim,  1984;  Kim  et  al.,  1984a]  and 
may  be  expressed  as  the  contribution  from  the  surface  and 
the  ice  volume  as  given  by 

a^pp (Oi )  =  a°s(0i)  +  f  (0. )  a\ (0< 0  (3) 

The  surface  scattering  contribution  is  identical  to  that 
described  earlier.  The  intensity  of  the  volume  backscatter 
is  weighted  by  the  transmission  coefficient  %  which  is  rea¬ 
sonably  close  to  1 .  The  volume  scattering  coefficient  may  be 
expressed  as 

C7\  (6i ')  =N(Tb  cos  (0i ')  [1  -  l/L^Wi  ')y(2*e)  (4) 

where  is  the  number  of  particles,  <j^  is  the  scattering  cross 
section  per  particle,  is  the  two-way  loss  factor,  and  is 
the  extinction  coefficient.  The  number  of  particles  is  a 
function  of  the  density  of  the  layer  (p)  and  the  radius  (r)  of 
the  particles  cubed  and  given  by 

AT = (1  -  p/0.926)/(4;ir  3/3)  (5) 

Hence  in  the  strong  volume  scattering  cases  associated 
with  multiyear  ice,  the  backscatter  will  increase  with  in¬ 
creasing  radii  of  the  gas  bubbles  and  as  the  total  number  of 
discrete  scatterers  increases.  The  number  of  scatterers 
increases  with  decreasing  density  and  increasing  thickness 
of  the  low-density  ice  (LDI)  layer.  A  cross-sectional  view  of 
multiyear  ice  is  shown  in  Figure  5-5,  with  ranges  of  ex¬ 
pected  thickness,  density,  salinity,  and  bubble  diameter.  In 
Figure  5-6,  the  relative  contributions  of  smooth  and  rough 
surfaces  and  of  a  volume  with  a  smooth  and  a  rough  surface 
are  shown  as  a  function  of  frequency  for  typical  ice  charac¬ 
terization  values  associated  with  multiyear  ice.  Note  that 
backscatter  intensity  increases  with  increasing  frequency 
in  all  cases. 

5.2,3, 3.  Empirical  observation  of  the  sources  of  scatter. 
The  measurements  of  first-year  and  multiyear  ice  illus¬ 
trated  in  Figure  5-7  were  made  at  5.25  GHz,  VH-polariza- 
tion,  with  an  incidence  angle  of  45°  [R.  G.  Onstott,  manu¬ 
script  in  preparation,  1992].  Backscatter  intensity  is  plot¬ 
ted  as  a  function  of  position  in  the  ice  and  snow  (1  m  in  ice 
for  each  1 .75  KHz),  and  the  surface  distance  moved  (40  m). 

A  multiyear  ice  sheet  is  typically  composed  of  three 
scattering  features:  hummocks,  melt  pools,  and  ridges.  The 
backscatter  from  the  undulating  part  of  the  ice  sheet  (hum¬ 
mocks  and  melt  pools)  is  considered  here  because  melt  pools 
and  hummocks  often  dominate  the  response  of  a  multiyear 
ice  floe,  and  their  similarities  and  differences  serve  to 
illustrate  the  importance  of  the  upper  portion  of  the  ice 
sheet  in  determining  the  microwave  signature  response  for 
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Fig.  6-5.  The  upper  portion  of  multiyear  ice,  with  a  physical- 
property  description  of  the  various  layers. 


Fig.  5-6.  Relative  contributions  of  surface  and  volume  scattering 
for  MY  ice  [Kim,  1984].  The  surface  roughness  parameters  are  the 
correlation  length  t  of  8.6  cm  for  both  smooth  and  rough  surfaces, 
and  height  standard  deviation  g  of  0.81  cm  for  the  rough  siuface 
and  0.15  cm  for  the  smooth  surface.  The  ice  density  is  700  kg^^, 
the  air  bubble  radius  is  1  mm,  and  the  complex  dielectric  constant 
is  3.1 5  -yO.Ol .  (VS  =  volume  scatter,  RS  =  rough  surface,  and  SS  = 
smooth  surface.) 
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Fig.  5-7.  The  origin  of  backscatter  in  multiyear  and  first-year  ice 
is  illustrated  with  a  probing  radar  scanned  across  a  40-m  ground 
track,  (a)  The  surface  truth  diagram  is  shown,  (b)  The  backscatter 
response  at  5.25  GHz,  45*^  incidence  angle,  and  VH-polarization  is 
shown  as  a  function  of  ground  position,  (c)  Average  intensity 
responses  for  the  first-year  ice,  hummock,  and  melt  pool  versus 
interior  ice  position  are  also  shown.  Intermediate  fiiequency  is 
proportional  to  the  range  at  approximately  1760  KHz/m  of  ice. 
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multiyear  ice.  For  this  ice  sheet,  there  is  no  distinction 
between  the  physical  and  electrical  properties  of  a  multiyear 
hummock  and  melt  pool  (fresh  water),  except  for  the  ice  in 
the  top  20  to  40  cm.  Their  backscatter  characteristics  are 
quite  distinct,  however,  and  provide  insight  into  the  under¬ 
lying  electromagnetic  processes. 

These  data  serve  to  demonstrate  empirically  and  visually 
that  the  physical-property  differences  in  the  uppermost 
portion  of  a  multiyear  ice  sheet  are  responsible  for  the 
determination  of  its  microwave  signature  (see  Figure  5-7 
and  Table  5-2).  A  dense  population  of  gas  bubbles  (1  to  2  mm 
in  diameter  is  typical)  is  required  to  produce  the  strong 
backscatter  response  associated  with  multiyear  ice.  The 
roughness  of  the  snow-ice  interface  plays  a  secondary  role. 

Melt  pools  typically  have  very  smooth  surfaces  and  pro¬ 
duce  weak  backscatter.  The  important  observation  is  that 
the  population  of  air  bubbles  trapped  in  the  melt  pool  ice  is 
too  small  (the  density  is  approximately  that  of  pure  ice)  to 
produce  significant  backscatter.  Penetration  of  the  radar 
signal  to  the  bottom  of  the  melt  pool  is  apparent,  and  the 
centroid  of  the  backscatter  response  is  associated  with  the 
pure-ice-sea-ice  interface. 

There  are  numerous  air  bubbles  present  in  the  upper 
portion  of  hummocked  ice  (their  density  is  825  kg/m^),  and 
these  are  of  a  size  (2  mm  in  diameter)  that  may  produce  an 
enhanced  backscatter  return.  The  backscatter  of  this  hum¬ 
mock  and  melt  pool  differs  in  intensity  by  a  factor  of  about 
32.  In  addition,  the  centroid  of  the  hummock  response  is 
associated  with  the  center  of  this  low-density  ice  layer. 
Also,  the  response  fi*om  the  snow  cover  on  either  the  melt 
pool  or  the  hummock  is  relatively  weak. 

Results  suggest  that  the  backscatter  for  first-year  ice  is 
limited  to  the  region  immediately  aroimd  the  snow-ice 
interface  and  that  there  is  no  significant  penetration  in  a 
20-cm-thick  ice  sheet.  The  range  extent  of  this  response  is 
explained  by  the  radiation  pattern  of  the  radar. 


TABLE  5-2.  Intercomparison  of  key  physical  properties  of  the 
melt  pool  and  hummock  multiyear  ice  features. 


Parameter 

Multiyear 
melt  pool 

Multiyear 

hummock 

Ice  sheet  thickness 

3.15  m 

3.25  m 

Freeboard 

5  cm 

15  cm 

Snow  thickness 

25  cm 

20  cm 

Feature  thickness 

30  cm 

20  cm 

Feature  bulk  density 

914  kg/m® 

825kg/m3 

Bubble  layer  description 

Sparse 

Abundant 

Bubble  diameter  mean 

3  mm 

2  mm 

Bubble,  number/cm^ 

0.1 

3.3 

Salinity,  %o 

0 

0 

5,2 A  Water  and  Ice  Backscatter  Discussion 

5,2 A,  L  Open  water.  One  of  the  issues  of  critical  impor¬ 
tance,  especially  in  navigation  and  determination  of  ice 
concentration,  is  the  discrimination  of  ice  from  water.  The 
near-vertical  (0®  to  10°)  backscatter  response  of  water  is 
typically  higher  than  that  of  ice,  whereas  the  backscatter 
response  falls  off  quickly  as  the  incidence  angle  increases 
beyond  1 0°.  Backscatter  for  water  in  the  open  ocean  can  be 
written  in  a  simplified  form  such  as 

(p)  =  cmp.  (6) 

where  (f  is  the  normalized  radar-scattering  coefficient,  C  is 
the  wind-speed  scaling  constant,  u  is  the  equivalent  neu¬ 
tral-stability  wind  speed  measured  at  a  1 0-m  height,  ais  the 
wind-speed  exponent,  0  is  the  incidence  angle,  f  is  the  op¬ 
erating  frequency,  p  is  the  transmit-receive  polarization, 
and  9  is  the  angle  between  the  radar-look  direction  and 
wind  direction. 

The  backscatter  response  is  a  function  of  wind  speed. 
Factors  that  include  fetch,  air-sea  temperature  difference 
(important  for  determining  stability),  wave  slope,  the  orien¬ 
tation  of  the  radar  to  the  wind,  and  wave  direction  are 
important  in  determining  the  absolute  backscatter  inten¬ 
sity  [Ulaby  et  al.,  1 986].  Examples  of  values  for  the  upwind/ 
downwind  case  and  an  angle  of  50°  are  -  6.76  x  10“^  for  the 
scaling  constant  C,  and  1.18, 1.53,  and  1.64  for  the  wind 
exponent  a  for  L-HH,  C-W,  andX- W,  respectively  [Onstott 
and  Shuchman,  1989]. 

Water  between  floes  in  the  marginal  ice  zone  (MIZ)  and 
in  the  ice  pack  presents  a  response  dissimilar  to  that  of  the 
open  ocean;  backscatter  values  are  t3q)ically  much  lower. 
This  has  not  been  fully  explored,  but  is  attributed  to  wave 
dampening  and  wind  shadowing  by  floes.  Operation  at 
L-W  presents  a  special  situation  that  has  been  illustrated 
in  Seasat  SAR  imagery— especially  in  cases  including  large 
bodies  of  water  (i.e.,  polynyas).  The  backscatter  intensity  is 
similar  to  that  of  ice.  Operation  at  HH-polarization,  how¬ 
ever,  reduces  the  water  response  by  5  to  7  dB,  enough  to 
provide  an  improved  separation  of  water  and  thick  ice.  This 
polarization  response  provides  an  opportunity  to  separate 
new  ice  from  open  water  (see  Chapter  24).  Operation  at 
higher  firequencies  gives  more  ice— water  contrast.  This  is 
imderstandable,  since  open-water  backscatter  increases 
less  quickly  with  increasing  frequency  than  does  backscat¬ 
ter  fi*om  sea  ice. 

The  backscatter  responses  for  water  in  the  open  ocean 
(with  wind  speeds  of  6  to  8  m/s),  for  moderate  sea  conditions , 
and  in  the  MIZ  are  illustrated  in  Figures  5-8  and  5-9  for  a 
fi-equency  of  9.6  GHz,  HH-polarization,  and  an  angle  of  25° 
[Onstott,  1990a].  The  ocean  and  ice  (when  either  is  at  100% 
concentration)  share  a  similar  response  level,  but  water 
between  ice  floes  has  an  intensity  that  is  dramatically  less 
(by  13  dB).  These  data  were  acquired  by  a  helicopter  flying 
a  scan  beginning  from  a  position  about  16  km  from  the  ice 
edge  in  the  open  ocean  to  the  ice  edge,  then  across  the 
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ocean-ice  edge  until  large  floes  were  encoxintered  near  the 
start  of  the  pack  ice,  an  additional  20  km.  Illustrated  in 
these  radar  data  is  a  transition  from  the  strong  backscatter 
of  the  open  ocean,  to  the  backscatter  of  a  region  of  calm 
water  (5  km  in  extent)  immediately  adjacent  to  the  ice  edge, 
to  that  of  a  well-delineated  and  compact  ice  edge,  into  that 
of  a  region  of  90%  ice  concentration  and  large  multiyear 
floes.  The  weakest  returns  in  the  MIZ  during  summer  and 
winter  are  associated  with  the  water  (or  new  ice)  between 
ice  floes.  Ice  and  water  are  often  difficult  to  distinguish  due 


Fig.  5-8.  Radar-scattering  coefficient  data  at  L-band  for  a  medium 
sea  [Wetzel,  1990],  at  13.3  GHz  (HH)  for  a  calm  ocean  [Gray  et  al., 
1982],  and  5.3  GHz  (HH)  and  9,6  GHz  (HH)  for  water  between  ice 
floes  in  the  MIZ  [Onstott  et  al.,  1987]. 
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Fig.  5-9,  Transect  across  the  ice  edge  on  July  5, 1984,  at  9.6  GHz, 
HH-polarization,  and  25'^  in  the  marginal  ice  zone  in  the  Fram 
Strait  [Onstott,  1990a]. 


to  the  system  noise  floor  or  to  the  setting  of  the  operating 
point  of  the  receiver  in  an  attempt  to  prevent  saturation  by 
strong  ice  returns. 

The  liquid  ocean  produced  a  variety  of  microwave  signa¬ 
tures  that,  in  large  part,  were  influenced  by  the  position  of 
the  edge.  Observed  conditions  likely  reflect  a  complicated 
interaction  between  the  winds,  waves,  and  currents  that  is 
due  to  the  effects  of  cold  air  from  the  pack  crossing  from  the 
cold  ocean  near  the  ice  edge  to  the  warmer  open  ocean. 

Additional  ocean-signature  variations  were  observed  and 
attributed  to  the  dampening  of  swell  and  gravity  waves  by 
the  ice  floes.  In  Figure  5-1 0,  the  hquid-ocean  signatures  are 
shown  as  a  function  of  position  from  the  ice  edge.  Signa¬ 
tures  break  into  four  major  categories:  (a)  open  ocean, 
(b)  ocean  prior  to  the  ice  edge  and  in  the  MIZ,  which  is 
immediately  near  the  edge,  (c)  ocean  in  the  MIZ,  and 
(d)  ocean  in  the  MIZ  and  the  shadows  of  ice  floes. 

Discrimination  of  ice  and  water  may  be  problematic  even 
at  the  higher  frequencies  at  the  ice  edge  when  on-ice  winds 
are  involved.  Even  at  X-band,  the  open  ocean  may  produce 
a  backscatter  response  with  an  intensity  similar  to  that  of 
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Fig.  5-10.  Radar-scattering  cross  sections  of  the  liquid  ocean  at 
9.6  GHz,  HH-polarization,  and  25°,  obtained  as  a  function  of 
position  from  the  ice  edge  on  July  5, 1984,  in  the  marginal  ice  zone 
in  the  Fram  Strait  [Onstott,  1990a]. 
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ice.  A  compacted  ice  edge  prevents  the  detection  of  water 
between  floes.  Therefore,  distinguishing  the  open  ocean 
from  the  MIZ  may  require  the  exploitation  of  ice-feature 
shapes  and  differences  in  texture. 

Examination  of  the  polarization  ratio 
structive.  Measurements  show  that  water  has  a  ratio 
greater  than  that  of  ice.  Examination  of  the  ratio  of  the 
Fresnel  reflectivity  coefficients  (which  represent  power) 
supports  this  observation.  This  ratio  is  driven  by  the 
magnitudes  of  the  dielectric  constant  of  the  material;  the 
greater  the  dielectric  constant,  the  larger  the  ratio  at  large 
incidence  angles.  Ice  has  a  dielectric  constant  about  an 
order  of  magnitude  less  than  that  of  seawater. 

5.2. 4.2.  New  ice.  The  key  characteristic  of  the  backscatter 
from  new  ice  is  its  weakness.  Wind  produces  ripples 
(capillary  and  short  gravity  waves)  on  water.  The  formation 
of  ice  crystals  (grease)  attenuates  and  impedes  the  forma¬ 
tion  of  waves.  The  thicker  the  crystal  layer,  the  greater  the 
attenuation.  The  important  effect  of  this  process  is  the 
production  of  a  surface  that  is  smooth  to  the  radar.  In  calm 
conditions,  the  ice  sheet  is  effectively  mirror-like,  with  only 
rafting  events  providing  relief  Surface-roughness  values 
are  on  the  order  of  0.05-cm  rms — a  factor  of  20  smaller  than 
a  radar  wavelength  at  30  GHz.  In  addition,  it  has  been 
observed  (see  Chapter  9)  that  the  dielectric  constant  re¬ 
duces  by  a  factor  of  at  least  4  to  6  from  that  of  seawater. 
Hence,  with  the  dramatic  reduction  in  both  the  scale  of 
surface  roughness  and  in  dielectric  constant,  backscatter 
from  new  ice  is  expected  to  be  considerably  smaller  than 
that  for  open  water.  It  may  be  small  enough  that  it  is 
difficult  to  measure  accurately  at  the  middle  and  large 
incidence  angles. 

5.2.4.3.  Nilas  and  gray  ice.  Two  processes  are  important 
in  determining  the  backscatter  from  nilas  and  gray  ice. 
These  include  modification  of  the  surface-roughness  statis¬ 
tics  and  cooling  of  the  upper  ice  sheet  (the  sheet  cools  with 
increasing  ice  thickness).  New  ice  grown  under  calm  condi¬ 
tions  represents  the  limiting  case  of  ice  with  a  very  smooth 
surface  (except  in  the  case  of  multiyear  ice  with  melt  pools). 
Any  process,  especially  the  formation  of  rime  (e.g.,  frost 
flowers  that  act  to  wick  up  brine  and  then  form  roughness 
elements)  on  a  new  ice-sheet  surface  or  the  deposition  of 
snow  crystals,  acts  to  increase  surface  roughness;  there  is 
no  turning  back!  An  increase  in  surface  roughness  at  this 
stage  translates  into  an  increase  in  backscatter.  The 
formation  of  frost  flowers  is  the  most  important  contributor 
in  increasing  small-scale  surface  roughness;  hence,  it  is 
often  the  controlling  backscatter  mechanism  for  young  ice. 
Intensities  at  microwave  frequencies  may  reach  levels  al¬ 
most  approaching  those  of  mvQtiyear  ice.  By  the  time  the 
gray-white  stage  is  reached,  snow  has  infiltrated  and  the 
backscatter  intensity  decays. 


5.3  Importance  of  Environmental  and  Physical  Properties 
5.3.1  Temperature 

5.3. 1.1.  Multiyear  ice.  Scattering  for  multiyear  ice  has 
been  shown  to  be  determined  by  the  uppermost  portion  of 
the  ice  sheet.  The  ice  there  is  relatively  salt  free  and  may 
contain  large  numbers  of  discrete  scatterers.  It  is  not 
anticipated  that  backscatter  is  impacted  greatly  by  tem¬ 
perature  variation  (for  the  cases  where  <  -5®C)  because 
penetration  through  the  top  10  to  20  cm  is  the  minimum 
required  to  produce  a  multiyear-ice-like  response.  The 
dielectric  properties  of  salt-free  ice  are  relatively  insensi¬ 
tive  to  temperature  variations.  Temporal  observations 
during  September  to  November  have  just  recently  been 
made  (i.e.,  during  CEAREX)  and  will  provide  a  detailed 
examination  of  the  temporal  response  of  sea  ice  and  the 
changes  in  ice-sheet  and  snow  properties. 

5.3. 1.2.  First-year  ice.  Ifthe  backscatter  for  first-year  ice 
is  largely  determined  by  scattering  from  the  ice  surface,  the 
impact  of  ambient  temperature  is  to  change  the  reflection 
coefficient  of  the  ice  sheet  and  possibly  to  promote  the 
further  formation  of  a  slush  layer.  We  confine  the  discus¬ 
sion  here  to  changes  in  dielectric  constant,  and  radar¬ 
scattering  coefficients  predicted  for  ice  1-m  thick  with  a 
2-cm  snow  layer  for  the  temperature  range  of -50®  to  -2®C 
are  compared  with  in-situ  observations  in  Figure  5-1 1 .  It  is 


Fig.  5-11  Predicted  and  measured  backscatter  for  first-year 
ice  (1-m  thickness)  for  air  temperature  from  -50®  to  -2®C. 
The  frequency  is  9.6  GHz  and  the  incidence  angle  is  40*. 
(Pred.  =  predicted,  Re(DC)  =  real  part  of  complex  dielectric 
constant,  IM(DC)  s  imaginary  part  of  complex  dielectric 
constant,  and  Iiqq  =  ice  surface  temperature.) 
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shown  that  dielectric  properties  increase  with  rapidly  in¬ 
creasing  temperatures  beginning  at  -10®C.  Based  on  this 
knowledge,  backscatter  (as  defined  by  the  physical-optics 
model)  would  be  expected  to  increase  with  an  increasing 
dielectric  constant.  In  addition,  the  backscatter  response 
would  be  expected  to  change  by  less  than  2  dB  between  the 
temperatures  of —50°  and  — 8°(II,  However,  when  compared 
with  in-situ  observations,  a  trend  opposite  to  this  is  noted. 
These  results  suggest  that  the  principal  response  to  low 
temperature  may  be  the  freezing  of  the  slush  layer,  even 
though  there  may  be  an  increase  in  volume  scattering 
because  of  an  increased  depth  of  penetration  (i.e.,  7  cm  at 
T  =  -50°C  and  1  cm  at  T  =  -8°C). 

5.3.  i.3.  Temperature  dependence  observed  in  airborne 
scatterometerdata.  Livingstone  et  al.  [1983]  have  compiled 
observations  made  over  several  years  and  include  data 
obtained  at  various  temperatures.  In  Figure  5-12,  the 
temperature-dependence  data  at  and  cfjjy  for  an 
angle  of  25°  are  shown.  These  data  suggest  that  as  tempera¬ 
tures  decrease,  the  backscatter  for  first-year  ice  decreases, 
whereas  multiyear  ice  backscatter  increases. 

5.3.2  Snow  Cover 


moist  snow  layer  on  first-year  and  multiyear  ice  will  be 
discussed. 

5,3.2,  L  Dry  snow.  Snow  on  ice  serves  as  a  thermal 
blanket,  since  snow  has  a  thermal  conductivity  much  less 
than  that  of  sea  ice.  In  addition,  it  may  provide  an  imped¬ 
ance-matching  (electromagnetic)  function.  The  scene 
reflectivity  is  determined  by  the  combination  of  the  dielec¬ 
tric  and  scattering  properties  of  the  snow  and  the  ice  sheet. 
The  snow  may  improve  the  matching  between  the  atmo¬ 
sphere  and  the  ice  sheet  and  also  reduce  the  effect  of  surface 
roughness.  The  snow  may  also  facilitate  the  transfer  of 
brine  from  the  ice  sheet  and  produce  a  collection  of  slush  at 
the  ice-snow  interface.  The  impact  of  a  developing  slush 
layer  with  a  high  liquid  content  may  be  (a)  to  reduce  ice 
sheet  surface  roughness  (i.e.,  through  fill-in)  when  the 
surface  is  rough,  (b)  to  create  a  dielectrically  rough  surface 
(i.e.,  a  vertically  variable  boimdary  between  dry  and  satu¬ 
rated  snow),  (c)  to  increase  the  dielectric  constant  contrast 
at  the  ice-snow  interface,  or  (d)  to  provide  a  transitional 
dielectric  layer  between  snow  and  ice.  The  dominant 
mechanism  has  not  been  fully  defined,  but,  in  all  cases, 
observations  suggest  that  the  backscatter  is  weak  in  an 
absolute  sense. 


The  importance  of  snow  on  sea  ice  is  determined  by 
season  (cold  or  warm)  and  ice  type.  The  impact  of  a  dry  and 
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Fig.6-12.  Temperaturedependenceofo°jjjj(0~25’)ando“Hy(0 -  25°) 
for  gray,  gray-white,  first-year  and  multiyear  ice  [Livingstone  et 
al.,  1983]. 


5.3.2.2.  Dry  snow  on  multiyear  ice.  When  compared  with 
that  of  multiyear  ice,  the  volume  scattering  of  a  thin  layer 
of  snow  is  small.  In  addition,  the  impact  of  raising  the  ice- 
surface  temperature  is  small  because  the  upper  portion  of 
the  ice  sheet  is  relatively  brine  free,  hence  absorption  does 
not  change  greatly  with  increasing  temperature.  A  calcula¬ 
tion  made  to  determine  the  impact  of  a  10-cm  layer  of  dry 
snow  with  =  -20°C  and  =  -13.7°C  shows  that  the 
overall  effect  on  the  volume  scatter  coefficient  of  the 
multiyear  ice  is  to  lower  <f  by  about  0.3  dB  [Kim  et  al., 
1984b]. 

5.3.2.3.  Dry  snow  on  first^year  ice.  Observations  show 
that  snow  plays  an  important  role  in  determining  the 
backscatter  response  for  first-year  ice  [Onstott  et  al.,  1 982]. 
Dramatic  increases  in  ice-surface  temperature,  especially 
when  the  ice  is  thin,  may  cause  an  increase  in  the  complex 
dielectric  constant  and  the  production  of  brine  slush  at  the 
snow-ice  interface.  If  the  snow  burden  is  too  great,  the  ice 
sheet  may  submerge  and  flood  with  seawater.  All  of  these 
actions  often  produce  very  similar  backscatter  intensities. 

Measurable  signal  differences  have  been  observed  be¬ 
tween  ice  that  is  snow  covered  and  ice  that  is  barren.  On  the 
average,  thick  first-year  ice  with  up  to  8  cm  of  snow  cover 
was  reported  to  have  backscattering  coefficients  1  to  5  dB 
higher  than  thick  first-year  ice  that  was  snow  free.  The 
effect  was  small  at  L-band  (about  0.5  dB),  and  variable  at 
fi’equencies  from  9  to  1 7  GHz  (a  high  of  about  5  dB  and  a  low 
of  about  1  dB).  Results  from  an  examination  of  snow  on 
smooth  first-year  ice  are  presented  in  Figure  5-13  for 
frequencies  from  1.5  to  17  (IHz.  The  data  presented  here 
represent  an  average  derived  from  backscatter  at  20°  to  60° . 
It  is  interesting  to  note  that  the  response  for  firequencies 
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Frequency,  GHz 


Fig.  5-13.  The  difference  in  radar-scattering  coefficients  for  the 
case  of  thick  first-year  ice  with  and  without  an  8-cm  snow  layer. 
These  data  represent  the  average  backscatter  difference  for  angles 
between  20°  and  60°.  (X  =  cross-polarization.) 


from  9  to  1 7  GHz  is  apparently  oscillatory  about  a  mean  of 
3  dB.  This  suggests  that  an  interference  process  is  respon¬ 
sible.  Such  a  process  can  occiu*  when  a  thin  dielectric 
separates  two  semi-infinite  dielectric  media  (e.g.,  air  and 
ice).  The  ampUtude  of  the  response  also  appears  to  be 
polarization  dependent.  This  result  is  of  interest  because  it 
suggests  that  coherent  radar  responses  may  be  observed  in 
nature  and  are  not  necessarily  dominated  by  physical- 
property  variation  (i.e.,  thickness  of  layers)  and  radar 
signal  scintillation  (i.e.,  fading).  Other  radar  observations 
of  this  type  have  probably  been  all  but  ignored  based  on  the 
above  two  premises.  Coherence  effects  have  been  observed 
in  the  passive  microwave  observation  of  snow  on  terrain 
[J.  Kong,  personal  communication,  1989].  The  effect  of 
snow  on  sea  ice  is  shown  as  a  function  of  snow  depth  in 
Figure  5-14  at  8.6  and  1 7.6  GHz  for  an  angle  of  50®  [IGm  et 
al.,  1984b].  The  backscatter  predicted  for  a  semi-infinite 
half  space  of  snow,  for  both  a  snow  layer  on  a  smooth  surface 
and  snow  on  a  rough  surface,  is  also  presented.  These 
predictions,  based  on  empirical  measurements  and  a  zero- 
order  model,  indicate  that  snow  on  ice  with  a  smooth  surface 
is  an  important  contributor  to  backscatter  (and  is  increas¬ 
ingly  important  with  increasing  frequency),  whereas  snow 
on  a  rough  surface  may  contribute  little,  except  at  high 
frequencies.  These  predictions  do  not  take  into  account 
potential  interference  effects,  which  may  explain  the  close 
agreement  between  measurements  and  prediction  seen  in 
the  case  at  8.6  GHz  and  the  much  poorer  agreement  at 

17.6  GHz.  Figure  5-13  shows  that  the  data  at  8.6  and 

1 7.6  GHz  appear  to  represent  data  near  a  peak  and  a  null. 


5. 3,2, 4.  Moist  snow.  During  summer,  snow  is  imdergoing 
melt;  water  may  be  percolating  through  the  snow  and 
collecting  into  subsurface  melt  pools  that  are  in  transition 
and  becoming  surface  melt  pools.  For  the  first  half  of  the 
summer,  the  most  important  sea  ice  characteristic  is  the 
presence  of  a  moist  snowpack.  Measurements  of  drained 
snow  indicate  that  the  bulk  wetness  of  the  snowpack  is  from 
5%  to  6%  by  volume  during  peak  melt  and  that  the  majority 
of  the  snowpack  is  old  and  has  a  density  of 400  to  500  kg/m^ 
[Onstott  et  al.,  1987].  The  electrical  properties  of  dry  and 
wet  snow  are  veiy  different;  the  electric^  properties  of  dry 
snow  are  nearly  independent  of  frequency,  whereas  moist 
snow  has  properties  that  are  very  much  a  function  of 
frequency.  The  penetration  depths  calculated  for  the  peak 
melt  conditions  described  above  are  about  4.5, 1 .8, 1 .5,  and 

1 .3  cm  for  5.25, 9.6, 13.6,  and  16.6  GHz,  respectively.  Up  to 
midsummer,  the  snowpack  on  multiyear  ice  maybe  at  least 
40  cm  (i.e.,  there  are  many  penetration  depths  between  the 
air-snow  and  the  snow-ice  interfaces).  It  is  very  important 
to  note  that  at  the  higher  microwave  frequencies,  such  as 

13.6  GHz,  only  1  to  3  cm  of  snow  are  required  before  the 
snow  layer  completely  dominates  the  backscatter  response, 
because  for  each  penetration  depth  the  incident  signal 
experiences  a  9-dB  roimd-trip  loss.  It  has  been  documented 
[Onstott  et  al.,  1987]  that  operation  at  the  longer  wave¬ 
lengths  (e.g.,  6  cm)  allows  ice  t3q)e  discrimination  during  the 
first  two  weeks  of  summer  (i.e.,  to  Jime  20)  and  that  during 
peak  melt  (a  period  often  centered  around  July  7),  longer 
wavelengths  (e.g.,  24  cm)  allow  some  ice  type  discrimina¬ 
tion  due  to  the  ability  to  penetrate  the  snow  cover  and  sense 
the  evolving  layer  of  superimposed  ice  at  the  snow-ice 
interface  of  the  thinner  first-year  ice.  In  Figures  5-1 4(c)  and 
(d),  the  expected  behavior  for  moist  snow  is  presented  for 
small  moisture  values  characteristic  of  snow  in  early 
summer. 

5.3.3  Surface  Roughness 

The  small-scale  roughness  of  the  air-ice  or  ice-snow 
interface  is  important  in  the  determination  of  the  backscat¬ 
ter  intensity  for  both  first-year  and  multiyear  ice,  as  is 
shown  in  Figure  5-6.  Since  roughness  is  often  the  primary 
backscatter  mechanism  for  first-year  ice,  except,  possibly, 
at  very  cold  temperatures  and  when  the  ice  is  thick,  the 
first-year  ice  response  to  roughness  changes  is  the  most 
dramatic  of  the  two  major  ice  categories.  Given  that  first- 
year  ice  may  have  very  smooth  to  very  rough  surfaces,  the 
range  of  backscatter  responses  may  be  large  and  variations 
of  10  to  15  dB  maybe  observed.  In  Figure  5-15,  the  angular 
responses  for  smooth  first-year  ice  (thickness  of  1.37  m), 
thick  first-year  (TFY)  ice  of  pancake-ice  origin  (pans  of  2  to 
3  m  with  4-cm-high  rims,  and  an  ice  thickness  of  1.65  m), 
and  pancake  ice  (1-  to  2-  m  pans  and  a  thickness  of  about  10 
to  15  cm)  are  illustrated.  The  response  shown  for  the  TFY 
ice  cases  is  typical.  As  roughness  increases,  the  near¬ 
vertical  response  decreases  and  the  middle-  and  large-angle 
backscatter  increases.  The  pancake  ice  example  is  shown 
because  it  represents  a  case  where  the  roughness  and 
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(b) 


Ognow  “  Half-Space 


f^Smooth  Ice  Surface 


Fig.  5-14.  The  effect  of  a  dry  snow  cover  on  sea  ice  is  shown  as  a 
function  of  snow  depth  at  (a)  8.6  GHz,  and  (b)  1 7.6  GHz  for  an  angle 
of  50®.  The  solid  lines  are  predicted  a®  for  snow  cover  and  can  be 
very  low  (smooth  ice)  or  close  to  that  of  a  half  space  of  dry  snow 
(rough  ice).  The  effect  of  wet  snow  on  sea  ice  is  shown  for  a  liquid 
water  content  of  (c)  1%  and  (d)  3%  for  8.6  GHz  for  an  angle  of  50® 
[Kim,  1984;  Kim  et  al.,  1984a]. 


dielectric  constant  are  great  and  produce  responses  with 
intensities  that  may  be  confused  with  the  responses  and 
intensities  produced  by  multiyear  ice.  A  further  examina¬ 
tion  of  the  importance  of  sxirface  roughness  for  first-year  ice 
is  provided  in  the  discussion  of  laboratory  measurements 
(see  Chapter  9). 

Additionally,  in-situ  observations  by  Onstott  [1 991  ]  show 
that  multiyear  ice  with  a  smooth  snow-ice  interface  pro¬ 
duces  up  to  4  dB  greater  backscatter  than  multiyear  ice 
with  a  rough  interface,  which  confirms  theoretical  predic¬ 
tions  [Kim  et  al.,  1984a]  shown  in  Figure  5-6.  It  is  also 
observed  that  a  relatively  smooth  interface  is  t3rpical.  The 
importance  of  surface  roughness  is  further  examined  in  the 
sections  discussing  the  properties  of  the  low-density  ice 
layer  of  multiyear  ice  (Sections  5.3.6  and  5.3.7).  Measured 
roughness  statistics  are  compiled  in  Table  5-3  to  illustrate 
the  variation  in  roughness  observed  for  sea  ice  grown  in  the 
laboratory  and  for  in-situ  observations. 

5.3.4  Dielectric  Constant  and  Salinity 

The  dielectric  constant  ofice  in  the  upper  portion  of  the  ice 
sheet  is  known  to  be  one  of  the  key  parameters  that  set  the 


Incidence  Angle,  degrees 

Fig.  5-1 5.  The  radar  backscatter  response  is  shown  as  a  function  of 
angle  for  smooth  first-year  ice  of  pancake  origin  (pans  of  2-  to  3-m 
diameters,  4-cm-high  rims,  and  a  thickness  of  1.65  m),  and  of 
pancake  ice  (1-  to  2-m  pans  and  a  thickness  of  10  to  15  cm).  These 
observations  were  made  at  9.6  GHz.  (W  =  water,  R  =  rough, 
S  =  smooth,  and  PC  =  pancake  ice.) 


absolute  backscatter  level.  Observations  suggest  that  once 
first-year  ice  attains  an  ice  thickness  greater  than  about 
10  cm  during  cold  conditions,  the  differences  between  the 
dielectric  properties  of  first-year  and  multiyear  ice  become 
of  secondary  importance,  since  the  ice  types  become  more 
similar  than  different.  It  is  also  observed  that  surface 
roughness  and  the  presence  of  a  large  number  of  discrete 
scatterers  (of  sizes  within  an  order  of  magnitude  of  the 
radar  wavelength  in  the  medium)  near  the  ice-snow  inter¬ 
face  begin  to  dominate  and  account  for  the  differences  in 
backscatter  level.  Additional  discussions  of  the  importance 
of  the  dielectric  constant  are  foimd  throughout  this  chapter 
and  in  the  discussion  of  laboratory  measurements  (see 
Chapter  9). 

Differences  in  dielectric  constant  maybe  exploited  through 
theexaminationofthepolarizationratioP^= This 
ratio  is  expected  to  have  a  value  of  1  (0  dB)  at  an  incidence 
angle  of  0®  and  to  increase  with  increasing  incidence  angle. 
In  addition,  the  larger  the  dielectric  constant,  the  larger  the 
possible  polarization  ratio  for  observations  of  calm  open 
water,  new  ice  (5.5  cm),  thin  first-year  ice  (24  and  42  cm), 
and  multiyear  ice  during  winter.  (See  Figure  5-16.)  These 
data  were  obtained  dtiring  March  for  CEAREX'89.  The 
average  rms  deviation  for  these  data  is  0.7  dB.  The  complex 
dielectric  constant  is  related  to  the  salinity.  The  greater  the 
salinity,  the  greater  the  dielectric  constant.  In  a  less 
rigorous  sense,  the  polarization  ratio  is  shovm  to  respond  to 
salinity — ^the  largest  ratio  being  associated  with  the  entity 
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TABLE  5-3.  Measured  surface-roughness  statistics. 


Summer/  Thickness,  Ice  type 
Winter  cm 

RMS 

roughness, 

cm 

Correlation 

length, 

cm 

Lab  or 
field 

Sample 

length, 

cm 

Comments 

W 

0.3 

C-FY 

0.065 

— 

L 

— 

Estimated  from  backscatter  response 

W 

0.8 

F-FY 

0,032+0.002 

0.740±0.391 

L 

60 

w 

1.0 

F-FY 

0.038±0.008 

1.000±0.410 

L 

180 

w 

1.6 

C-FY 

0.020±0.002 

0.490±0.159 

L 

44 

w 

2.6 

F-FY 

0.033±0.019 

1.717±0.771 

L 

125 

After  7-cm  snowfall 

w 

3.0 

C-FY 

0.069±0.006 

0.454+0.030 

L 

66 

w 

5.0 

C-FY 

0.038±0.010 

2.69±2.180 

L 

68 

w 

5.2 

F-FY 

0.031±0.012 

1.261±0.807 

L 

120 

w 

6.5 

C-FY 

0.048+0.001 

0.745±0.109 

L 

44 

w 

7.1 

F-FY 

0.077±0.0245 

1.52710.692 

L 

100 

w 

7.5 

C-FY 

0.096 

1.1112 

L 

30 

w 

9.0 

C-FY 

0.233±0.032 

1.74210.466 

L 

75 

w 

10.0 

C-FY 

0.119±0.018 

1.44711.235 

L 

50 

w 

12.0 

C-FY 

0.069±0.001 

1.7010.580 

L 

40 

w 

15.0 

C-FY 

0.026±0.000 

0.69410,259 

L 

34 

w 

20.0 

C-FY 

0.340±0.031 

3.65210.922 

L 

40 

Desalinated  first-year  ice 

w 

150 

C-FY 

0.053 

1.736 

F 

58 

Formed  imder  calm  conditions 

s 

200+ 

C-FY-R 

0.766 

7.75 

F 

1000 

Early  summer  (6/13):  still  cold 

s 

200+ 

C-FY-S 

0.108 

0.538 

F 

150 

Early  summer  (6/13):  still  cold 

s 

200+ 

C-FY-R 

0.493 

2.778 

F 

400 

Summer  (6/20):  showing  superimposed  ice 

w 

200+ 

T3rpical  SY-HM 

0.277±0.120 

6.65113.88 

F 

85 

Formation  site  same  as  on  6/13:  smooth 

w 

200+ 

SY-HM-WD 

0.262±0.204 

6.01515.44 

F 

111 

w 

200+ 

SY-MP-S 

0.075±0.169 

2.40210.728 

F 

102 

w 

200+ 

Cusped  SY-MP 

0.209±0.090 

3.47913.2 

F 

150 

w 

200+ 

MY-HM-B 

0.185±0.035 

2.7511.05 

F 

60 

w 

200+ 

MY-HM-R 

0.890±0.170 

3.9016.20 

F 

60 

w 

200+ 

MY-MP-S 

0.080±0.030 

2.811.9 

F 

60 

c  = 

congelation 

ice 

HM  hummock 

R  = 

rou^ 

F  = 

frazil  ice 

MP  =  melt  pool 

S  = 

smooth 

WD  = 

well-developed 
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with  the  highest  salinity  (i.e.,  seawater),  and  the  smallest 
ratio  being  associated  with  the  entity  with  the  lowest 
salinity  (i.e.,  the  pure  uppermost  portion  of  multiyear  ice). 
The  result  shown  for  the  multiyear  ice  has  an  additional 
twist  that  is  equally  important.  Given  that  the  responses 
for  W  and  HH  are  nearly  identical,  the  discrete  scatterers 
in  the  upper  ice  sheet  must  be  dominated  by  spherical  gas 
bubbles  (i.e.,  there  is  no  polarization  preference).  This 
resiilt  is  expected  and  is  based  on  examining  the  bubble 
shapes  by  studying  numerous  thin  sections  of  ice, 

5.5.5  Brine  Surface  Layer  and  Brine-Enriched  Slush 

A  brine  surface  layer  may  form  through  the  expulsion  of 
brine  from  the  upper  ice  sheet  to  the  surface,  through  the 
melting  of  the  ice  surface  (by  warming  or  solar  heating),  or 
through  the  process  of  dehydration.  A  brine-enriched  slush 
layer  will  form  through  the  wicking  action  of  snow  on  an  ice 
surface.  Quantifying  the  contributions  of  each  of  these 
processes  is  difficult  and  is  the  subject  of  laboratory  study. 
The  impact  of  the  surface  layer  and  slush  is  also  discxissed 
in  Chapter  9.  In  the  case  of  young  ice,  questions  arise  as  to 
the  importance  and  the  relationship  of  the  thickness  of  a 
brine  surface  layer  and  backscatter  response.  First-year  ice 
is  often  observed  to  have  a  surface  wet  with  brine.  In  the 
case  of  either  a  bare  or  snow-covered  surface,  the  presence 
of  brine  does  not  necessarily  dominate  the  backscatter 
process  by  presenting  a  semi-infinite  half-space  with  a  high 
dielectric.  Measured  bulk  dielectric  constants  are  biased 
toward  values  approaching  those  of  pure  ice,  rather  than 
those  of  seawater. 

5.5. 6  Importance  of  Low-Density  Ice  Layer  for  Multiyear 
Ice  Backscatter  Characterization 

Microwave  signatures  and  physical  properties  have  been 
acquired  at  a  large  number  of  multiyear  sea  ice  stations  in 
order  to  examine  the  physical-property  variation  in  the 


Fig.  5-16.  The  measured  polarization  ratio 
5.25  GHz  is  shown  as  a  function  of  incidence  angle  for  open  water, 
5.5-,  24-,  and  42-cm-thick  first-year  ice,  and  multiyear  ice.  The 
average  rms  deviation  for  these  data  is  0.7  dB. 


uppermost  portion  of  the  ice  sheets  [Onstott,  1991].  Varia¬ 
tions  in  the  thickness,  density,  bubble  size,  and  roughness 
associated  with  ice  of  low  density  located  in  the  uppermost 
portion  of  multiyear  ice  sheets  were  detected  and  docu¬ 
mented.  Selected  examples  are  provided  in  Table  5-4  to 
illustrate  the  impact  of  these  combinations  of  parameters 
on  microwave  signatures. 

5.5. 7  Physical  and  Microwave  Properties  of  Multiyear  Ice 

Five  multiyear  ice  sites  have  been  selected  for  discussion. 
Four  of  these  sites  are  from  hummocks  and  one  is  from  a 
freshwater  melt  pool.  The  low-density  ice  in  the  upper 
portion  of  the  ice  sheet  is  one  of  two  sources  that  produce  an 
enhanced  backscatter.  The  pressure  ridge,  which  is  a 
topographical  feature,  is  the  second.  To  highlight  the 
importance  of  the  LDI  layer,  the  backscatter  response  of 
three  hummock  areas  (DS-7,  DS-9,  and  DS-13)  and  a 
freshwater  melt  pool  (DS-MP)  that  were  within  a  50-m 
radius  and  were  resident  on  the  same  multiyear  ice  floe  will 
initially  be  considered.  Later,  a  fourth  hummock  case  will 
be  added  to  complete  this  discussion. 

The  critical  difference  between  multiyear  ice  hummocks 
and  melt  pools  is  the  number  of  discrete  scatterers  (i.e.,  gas 
bubbles)  in  the  top  1 5  cm  of  the  ice.  In  addition,  the  number 
of  scatterers  of  a  given  bubble  size  may  also  be  related  to  the 
density  of  the  ice.  The  hummocks  have  densities  of 457  to 
517  kg/m^,  while  the  melt  pool  has  a  density  of  914  kg/m^ 
(i.e. ,  the  density  of  pure  ice).  As  the  LDI  layer  decreases,  the 
number  of  discrete  scatterers  for  the  given  bubble  size 
increases.  In  the  region  from  30®  to  60°,  the  difference  in 
backscatter  (>15  dB)  between  these  two  multiyear  ice 
features  is  striking,  and  the  dominant  scattering  mecha¬ 
nism  becomes  apparent. 

The  interface  between  snow  and  LDI  may  be  smooth, 
moderately  rough,  or  very  rough.  The  rms  heights  range 
from  0.1 4  to  1 .01  cm.  Correlation  lengths  were  very  similar 
and  range  from  2.0  to  4.6  cm.  It  is  necessary,  typically,  to 
characterize  the  LDI  transitional  layer,  which  is  often 
composed  of  large  globs  and  has  a  density  that  falls  between 
the  uppermost  LDI  layer  and  the  pure  ice  below.  Figure  5-5 
illustrates  the  three  ice  layers  and  the  range  of  the  critical 
physical  properties  for  the  sites  under  discussion. 

The  angular  responses  of  the  backscatter  for  the  three 
mxiltiyear  hummock  sites  disctxssed  above  are  shown  in 
Figure  5-17  for  like-  (W  and  HH)  and  cross-polarizations 
(VH  and  HV).  The  width  of  the  mean  angular  response 
interval  for  the  drift  station  (DS)  hummocks  is  about  5  dB 
for  hke-polarization;  for  cross-polarization,  it  is  about  one 
decibel  wider.  An  examination  of  the  ability  to  predict  the 
ranking  of  these  four  sites  according  to  absolute  backscatter 
intensity  has  been  performed.  Basic  rules  of  thumb  have 
been  derived  for  describing  the  impact  on  backscatter  inten¬ 
sity  for  the  range  of  physical-property  parameters  that  were 
measured  during  the  characterization  of  these  sites.  These 
rules  have  been  supported  through  the  use  of  a  radiative 
tr£insfer  model  of  mtiltiyear  ice  with  a  rough  surface  and 
embedded  Rayleigh  scatterers  [Fung  and  Eom,  1982;  Kim 
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TABLE  5-4.  Characterization  of  the  upper  sheet  of  multiyear  ice. 


Parameter 

Alpha-35 

DS-7 

DS-9 

DS-13 

DS-MP 

c,  cm  rms 

0.33  ±0.2 

0.1410.02 

0.710.12 

1.01  ±0.31 

0.0810.03 

1,  cm 

4.710.21 

2.011.3 

4.611.2 

3.211.2 

2.811.9 

LDI-1 

Thickness,  cm 

14 

5.010.6 

4.911.0 

3.011.3 

5.213 

Salinity,  %o 

0,0 

0.0 

0.0 

0.0 

0.0 

Density,  kg/m^ 

815 

457 

513 

513 

914 

Bubble  diameter,  mm 

1.6 

2.5 

2.3 

3.3 

1.3 

Void  diameter,  mm 

0.5 

8 

7 

5 

0 

LDI-2 

Thickness,  cm 

- 

3.510.4 

4.910.4 

13.610.4 

4.8  ±0.3 

Salinity,  %o 

- 

0 

0 

0 

0 

Density,  kg/m^ 

- 

728 

728 

929 

919 

Bubble  diameter,  mm 

- 

4 

4.3 

1 

0 

Void  diameter,  mm 

-• 

2 

0 

0 

0 

Alpha-35,  DS-7,  DS-9,  and  DS-13  are  hummock  areas,  DS-MP  is  a 
correlation  length. 

freshwater  melt  pool,  and  i  = 

et  al.,  1984a].  The  results  of  a  parametric  study  are 

summarized: 

•  Increasing  the  bubble  diameter  from  2  to  3  or  4  mm 
increases  the  like-polarization  return  by  5  and  8  dB  and 
the  cross-polarization  return  by  8  and  13.5  dB,  respec¬ 
tively.  Hence,  the  depolarization  ratio  (o^iike^^cross^ 
decreases  from  10  dB  to  7  and  4.5  dB,  respectively. 

•  Increasing  the  rms  roughness  from  0.125  to  0.5  causes 
a  reduction  in  of  2  to  3  dB  (6*  =  0®  to  55®),  with  the 
decrease  increasing  with  incidence  angle.  Increasing 
the  roughness  to  1.0  cm  causes  an  additional  decrease 
of  3  to  6  dB. 

•  Increasing  the  density  from  500  to  600  or  700  kg/m^ 

causes  a  reduction  in  of  1  and  1 .5  dB,  respectively. 

For  the  same  increases,  C7®jjj.Qgg  showed  2  and  3  dB  re¬ 
ductions. 

•  If  the  thickness  of  the  LDI  layer  is  changed  from  5  to  10 

or  20  cm,  then  o®jy^g  increases  by  2.5  to  5.5  dB,  respec¬ 
tively,  and  increases  by  5  and  1 0  dB,  respectively. 

•  Varying  the  correlation  length  from  2  to  5  cm  produces 
little  effect. 


The  parameter  set  for  Site  DS-7  may  be  considered  t3rpi- 
cal.  Site  DS-9  produced  the  weakest  like-polarization 
response  in  the  hummock  set  (DS-7,  DS-9,  and  DS-13);  this 
is  largely  attributed  to  its  greater  rms  roughness.  As  is 
noted  in  the  parametric  study,  an  increase  in  surface 
roughness  will  cause  a  reduction  in  the  like-polarization 
response,  but  little  reduction  in  the  cross-polarization  re¬ 
sponse,  although  some  reduction  in  the  cross-polarization 
response  occurs  at  the  largest  angles.  The  cross-polarization 
response  for  this  site  falls  in  the  middle  of  the  response 
range  for  these  sites.  Site  DS-1 3  fits  in  the  upper  portion  of 
both  the  like-  and  cross-polarization  response  ranges.  Its 
LDI  layer  is  unique  in  that  the  uppermost  portion  is  rela¬ 
tively  thin,  but  is  of  very  low  density  (513  kg/m^),  and  is 
followed  by  a  layer  very  high  in  density  (914  kg/m^)  that 
contains  some  extremely  large  globs  (diameters  of  1  cm).  Its 
ranking  is  attributed  to  bubbles  that  are  30%  larger  than 
those  found  at  Sites  DS-7  and  DS-9  and  that  contribute  to 
large  cross  sections  and  reduced  depolarization  ratios. 

Site  Alpha-35  represents  a  case  where  the  LDI  thickness 
is  large  (15  cm),  but  of  high  density  (815  kg/m^).  Bubble 
diameters  are  50%  smaller  than  the  typical  case.  Both  the 
high  density  and  the  smaller  bubbles  suggest  a  reduced 
backscatter  intensity.  This  combination  results  in  a  back- 
scatter  that  is  10  dB  or  more  weaker  than  those  of  the 
multiyear  hummocks  described  earlier. 
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In  a  simplistic  sense,  what  these  five  responses  show  is 
that  the  backscatter  intensity  increases  with  decreasing 
density  (i.e.,  the  increase  in  the  volume  of  discrete  scatter- 
ers)  in  the  upper  portion  of  the  ice  (it  is  assumed  that  all 
other  parameters  are  held  constant).  The  development  of 
the  LDI  layer  is  observed  [R.  G.  Onstott,  field  observations, 
1982]  to  be  associated  with  either  thick  snow  layers  or  snow 


(a) 


Fig.  5-17.  The  angular  response  of  the  scattering  coefficients  for 
four  multiyear  ice  hummocks  and  a  melt  pool  at  10  GHz  and  at 
(a)  like-  and  (b)  cross-polarizations.  The  responses  at  W-  andHH- 
polarizations  are  nearly  identical,  as  are  the  VH  and  HV  responses. 


drifts.  During  summer  melt,  these  areas  are  the  Isist  to 
melt,  or  they  melt  more  slowly.  Areas  of  thin  snow  melt 
qmckly  and  produce  melt  pools.  Water  is  then  free  to  drain 
from  the  drift  areas  into  the  surrounding  melt  pool  strings, 
further  slowing  the  melt  process  and  allowing  a  transition 
to  a  layer  with  larger  ice  crystal  diameters  and  lower 
density.  It  is  reasonable  to  say  that  this  layer  is  produced 
by  a  joint  process  that  includes  the  metamorphosis  of  snow 
and  the  simultaneous  erosion  of  the  upper  ice  sheet. 

5.4  Ice  Type  Backscatter  Summary 


In  this  section  the  active  microwave  behavior  of  sea  ice  is 
discussed  further  in  terms  of  its  response  with  angle  and 
frequency  time  to  evolution,  season,  and  region. 

5.4.1  Angle  and  Frequency  Behavior 

During  winter,  the  microwave  signatures  of  multiyear  ice 
are  clearly  different  from  those  of  the  more  highly  saline 
first-year  ice.  The  situation  in  summer  is  more  complex: 
Summer  is  the  time  of  melting  snow  and  ice,  of  melt  pool 
formation,  and  desalination.  In  winter,  the  active  micro- 
wave  backscatter  of  first-year  and  multiyear  ice  increases 
linearly  with  increasing  frequency  (see  Figure  5-6).  This  is 
true  for  ice  surfaces  that  are  smooth  and  rough,  and  for  ice 
with  air  bubbles  in  its  upper  layers.  Multiyear  and  first- 
year  ice  can  be  distinguished  independent  of  frequency 
between  5  and  35  GHz.  Discriminating  between  ice  types 
becomes  more  difficult  with  the  introduction  of  moisture 
into  the  snow  and  the  warming  of  the  ice  sheets  (see 
Figures  5-18,  5-19,  and  5-20). 


(a) 


(b) 
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Angie  of  incidence  B  «  40°  "  Multiyear  ice 

Polarization  -  HH  -  First-Year  ice 
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- Li 

J 

10  15  18 


Frequency,  GHz  Frequency,  GHz 

Fig.  5-18.  Frequency  dependence  of  the  backscatter  coefficient  for 
first-year  and  multiyear  ice  at  40°.  Theoretical  <f  for  sea  ice  under 
(a)  normal-winter  and  (b)  extreme-summer  conditions. 
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1 .3  GHz.  W  Poiarization  5.2  GHz.  HH  Polarization 


9.6  GHz.  HH  Polarization 


13,6  GHz.  HH  Polarization 


Angle  of  Incidence,  degrees 


Angle  of  Incidence,  degrees 


Fig.  5-19.  Radar  backscatter  cross  sections  at  L-,  C-,  X-,  and  Ku-bands  during  winter, 
illustrating  the  contrast  in  ice  type  and  water  signatures  as  a  function  of  frequency  and 
incidence  angle. 


1.3  GHz,  W  Polarization 


5.2  GHz,  HH  Polarization 


Fig.  5-20.  Radar  backscatter  cross  sections  at  L-,  C-,  X-,  and  Ku-bands  during  summer, 
illustrating  the  contrast  in  ice  type  and  water  signatures  as  a  function  of  frequency  and 
incidence  angle. 
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5A.2  Evolution  of  the  Microwave  Signature  of  First- 
Year  Ice 


The  description  of  the  evolution  of  the  microwave  signa¬ 
ture  of  first-year  ice  begins  with  the  fi’eezing  of  open  water 
and  continues  through  the  duration — ^up  to  nine  months,  at 
which  time  thicknesses  of 200+  cm  maybe  attained.  Changes 
have  been  noted  in  the  physical  properties,  the  dielectric 
properties,  and  the  surface-roughness  statistics  of  an  ice 
sheet,  as  well  as  the  snow  and  frost  flower  layer.  Figure  5-21 
illxistrates  the  change  in  the  scattering  coefficient  as  ice 
thickness  increases  from  0  to  200+  cm.  Many  facets  of  this 
function  are  of  interest.  The  liquid  ocean  may  take  on  a 
variety  of  cross-section  levels  due  to  wind  and  fetch  condi¬ 
tions.  New  ice  may  produce  a  signature  that  is  greater,  the 
same,  or  less  than  that  of  the  liquid  ocean,  depending  on  the 
environmental  conditions  at  the  time.  In  the  calm  conditions 
often  encountered  during  lead  formation,  the  new-ice  sig¬ 
nature  may  show  an  enhancement.  As  the  dielectric  con¬ 
stant  of  the  ice  sheet  decreases  (a  function  of  ice  aging),  the 
backscatter  intensity  will  reduce  to  a  point  where  the  lowest 
backscatter  intensity  for  any  ice  condition  (i.e.,  new  ice  that 
is  smooth  and  cold)  is  reached.  Within  a  few  days,  nilas 
transforms  into  young  sea  ice.  When  air  temperatiires  are 
cold,  ice  crystals  form  as  clumps  (frost  flowers)  on  the 
surface  of  the  thin  ice  sheet.  The  colder  the  temperature, 
the  thicker  the  ice  becomes,  and  the  more  rapid  the  forma¬ 
tion  of  frost  flowers.  As  the  ice  sheet  continues  to  thicken 
with  time,  the  density  (spatial)  of  frost  flowers  will  increase, 
and  the  clumps  of  crystals  may  continue  to  increase  in  size 
until  heights  of  about  3+  cm  are  attained.  Brine  from  the 
thin  ice  sheet  is  wicked  into  the  clumps,  thereby  producing 
a  feature  that  has  a  dielectric  constant  similar  to  or  higher 
than  that  of  the  ice  sheet.  These  features  represent  roughness 
elements  on  a  previously  smooth  dielectric  plane.  The 
temporal  change  in  surface  roughness  (from  smooth  to  very 
rough)  appears  to  be  linked  to  age  and  meteorological 
conditions  (the  nature  of  the  temporal  change  is  the  topic  of 
ongoing  research)  and  provides  the  opportunity  to  use 
synthetic  aperture  radar  (SAR)  to  obtain  improved  thickness 
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Fig.  5-21.  The  evolution  of  the  microwave  signature  of  first-year 
ice,  (DC  =  dielectric  constant  and  Hj  =  ice  thickness.) 


information  for  young  sea  ice.  The  greatest  backscatter 
intensity  for  imdisturbed  first-year  ice,  almost  that  of 
multiyear  ice,  may  be  obtained  when  the  frost  flower  layer 
is  fully  developed.  However,  with  time  and  the  eventual 
infiltration  of  snow  and  wind,  the  structure  of  the  frost 
flowers  becomes  irreversibly  altered.  This  has  been  observed 
to  occur  when  a  thickness  of  about  35  cm  is  reached  [R.  G. 
Onstott,  field  observations,  1987].  The  snow  and  fi"Ost 
flower  layer  then  imdergoes  a  restructuring,  which  results 
in  a  steady  reduction  in  the  backscatter  intensity  for  the  ice 
sheet  until  thicknesses  near  200  cm  are  reached. 

5,4.3  Seasonal  Evolution 

The  microwave  signatures  of  sea  ice  may  change  dramati¬ 
cally  with  the  season.  With  the  continual  monitoring  of 
backscatter  intensity  levels,  the  determination  of  the  physi¬ 
cal  state  of  ice  sheets  may  be  possible.  This  includes 
obtaining  knowledge  of  the  initiation  of  summer  melt,  the 
progression  and  intensity  of  siimmer  melt,  the  duration  of 
the  melt  cycle,  the  initiation  of  fall  freeze-up,  and  the 
cooling  of  the  ice  sheets  in  late  fall  and  winter  (see  Chap¬ 
ter  17).  In  Figures  5-22  and  5-23,  a  partial  compilation  of 
results  from  the  many  measurements  presented  in  Table 
5-1  is  presented  for  both  multiyear  and  first-year  ice  at  1 .5, 
5.25,  and  9.5  GHz  at  an  angle  of  40°  and  at  like-polarization 
(W  and  HH  are  very  similar  in  value).  During  late  fall, 
winter,  spring,  and  early  summer,  there  is  a  significant 
separation  between  the  scattering  coefficients  of  multiyear 
and  first-year  ice  at  5.25  and  9.5  GHz,  whereas  at  1 .25  GHz 
there  is  little  separation.  For  summer,  however,  the  input 
of  meltwater  into  the  snowpack  promotes  a  rapid  merging 
of  multiyear  and  first-year  ice  signatures  at  about  June  15 
[Onstott  et  al.,  1984,  1987;  Onstott  and  Gogineni,  1985; 
Livingstone  et  al.,  1987b].  A  period  of  indistinguishable  ice 
signatures  continues  until  midsummer.  By  midsummer, 
snow  thickness  is  reduced  to  about  half  the  year’s  high, 
allowing  penetration  of  the  radar  signal  to  the  snow— ice 
interface,  which  has  experienced  an  important  transforma¬ 
tion.  Percolation  of  fi*ee  water  onto  an  ice  surface  during 
late  spring  and  early  summer  results  in  a  superimposed  ice 
layer,  and  processes  associated  with  melt  combine  to  enhance 
the  small-scale  surface  roughness  dramatically  (Fig¬ 
ure  5-24).  The  microwave  response  at  midsummer  marks  a 
key  backscatter  trend  revers^  (see  Figures  5-19, 5-20,  and 
5-25).  The  snow  on  multiyear  ice  is  still  thick  and  moist,  and 
it  dominates  the  backscatter  process.  In  the  case  of  first- 
year  ice,  the  snow  is  thin  and  the  surface  is  rough,  producing 
a  backscatter  enhancement.  Absorption  losses  decrease 
with  increasing  wavelength.  Operation  at  1.5  GHz  was 
foimd  to  be  optimal  for  discriminating  between  thin  and 
thick  ice  types  at  this  time.  After  midsummer,  multiple 
contrast  reversals  may  be  observed.  These  are  associated 
with  melt  and  drain  cycles.  In  a  melt  cycle,  free  water  pools 
abundantly  on  an  ice  sheet.  In  a  drain  cycle,  the  ice  sheet 
becomes  less  wet.  By  the  end  of  summer,  backscatter  fi:om 
multiyear  ice  once  again  becomes  greater  than  that  of  first- 
year  ice.  However,  this  achievement  is  not  associated  with 
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Fig.  5*22.  Seasonal  backscatter  response  for  multiyear  sea  ice  at  1.5, 5.25,  and  9.5  GHz,  an  angle  of  40®,  and  like- 
polarization  (W  or  HH).  (W  =  water.) 


Fig.  5-23.  Seasonal  backscatter  response  for  first-year  sea  ice  at  1 .5, 5.25,  and  9.5  GHz,  an  angle  of  40®,  and  like- 
polarization  (W  or  HH). 


the  retizrn  of  volume  scatter,  as  is  the  case  in  winter.  On  the 
small  scale,  the  erosion  effect  of  melt  works  to  smooth 
exposed  ice  surfaces.  First-year  ice  has  large-scale  surface 
undulations  that  are  smaller  in  scale  than  the  well-devel¬ 
oped  undulating  topography  of  multiyear  ice.  A  scene 
composed  of  many  large-amplitude  and  rolhng  surfaces  and 
edges  has  the  potential  to  produce  greater  backscatter  than 
a  smoother  scene.  The  transformations  in  the  physical 
scene  are  illustrated  in  cross-sectional  views  provided  in 
Figure  5-3. 

Observations  of  the  process  of  freeze-up  during  the  fall 
show  that  by  October,  the  signatures  of  first-year  and 
multiyear  ice  are  similar  to  those  found  during  winter  [Kim, 


1984;  Kim  et  al.,  1984a;  Onstott  et  al.,  1984;  Livingstone  et 
al.,  1987a;  Onstott,  1990b,  1991].  However,  the  signature 
of  young  ice  is  greatly  impacted.  The  lack  of  the  severe  cold 
temperatures  characteristic  of  winter  causes  the  congelation 
process  to  be  disturbed  and  delayed  and  to  become  influenced 
by  the  acciimulation  of  snow.  This  results  in  an  ice  sheet 
without  a  distinct  snow-ice  interface  [Gow  et  al.,  1990]. 

5A,4  Regional  Variation 

Formation  conditions  impact  the  backscatter  response  of 
sea  ice.  For  instance,  first-year  ice  grown  under  calm 
conditions  has  a  very  smooth  ice  surface,  whereas  first-year 
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Fig.  5-24.  First-year  surface  height  histograms  for  a  homogeneous  ice  sheet,  (a)  Data  acquired  Jime  14  are  typical  of  early  summer  pre¬ 
melt,  late  fall,  winter,  and  spring  conditions.  Height  range,  variance,  and  skewness  were  0.932  cm,  0.044  cm^,  and  0.0003,  respectively, 
(b)  Data  acquired  June  20  are  typical  of  early  summer  melt  conditions.  Superimposed  ice  increases  the  height  range  to  2.778,  the  variation 
to  0.243,  and  skewness  to  -0.588  [Onstott  and  Gogineni,  1985]. 


Incidence  Angle,  degrees 

Fig.  5-25.  The  angular  response  at  5.25  GHz  and  HH-polarization 
for  midsinnmer  shown  for  open  water,  thin  first-year  (ThFY), 
medium  first-year  (MFY),  and  mxiltiyear  ice.  The  letters  OW-SR 
indicate  open  water  that  is  slightly  rough,  whereas  OW-SM  indi¬ 
cates  open  water  that  is  smooth. 

ice  that  began  as  pancake  ice  has  a  veiy  rough  surface. 
Their  two  backscatter  responses  are  correspondingly  differ¬ 
ent.  In  general,  it  is  not  well  understood  how  or  if  the 
physical  properties  of  a  given  ice  type  vary  from  region  to 
region. 

Passive  microwave  satellite  data  suggest  that  microwave 
property  differences  may  be  significant.  Scatterometer 
observations  have  been  carried  out  in  five  different  geo¬ 


graphical  regions  during  both  cold  (winter-like)  and  wsum 
(summer-like)  conditions.  In  general,  it  is  found  that  a 
given  type  of  ice  is  more  similar  than  different  in  the  vauious 
regions.  Subtle  differences  are  not  always  easily  detected 
because  of  the  limited  number  of  observations.  Observa¬ 
tions  over  many  years  may  be  reqxiired  to  determine  if 
region  plays  a  critical  role.  It  is  anticipated  that  temporal 
weather  fluctuations  will  play  a  dominant  role  in  determin¬ 
ing  ice  properties  and  signatures,  except  in  regions  (e.g. ,  the 
Bering,  Labrador,  and  Barents  Seas)  that  are  d3m£imic  and 
characterized  by  deformation  features.  Moreover,  major 
climatic  differences  may  be  important.  For  instance,  the  ice 
in  the  Antarctic  Weddell  Sea  has  so  much  snow  that  negative 
freeboards  are  common,  and  these  affect  radar  backscatter. 

5.5  SAR  Observations 

A  large  number  of  sea  ice  observations  made  by  imaging 
radars  were  interpreted  to  determine  the  radars’  ability  to 
obtain  geophysical  information.  It  should  be  noted,  pre¬ 
cisely  as  was  stressed  by  Moore  [Ulaby  et  al.,  1982],  that 
these  conclusions  are  based  on  a  specific  radar  parameter 
set;  one  that  is  very  often  limited.  In  addition,  the  ability  to 
obtain  siirface  truth  of  these  sensors  is  logistically  difficult. 
This  was  especially  true  from  1956  to  1975.  Much  of  the 
work  to  that  point  was  qualitative  and  mainly  supported  by 
correlation  with  aerial  photography. 

The  value  of  radar  was  noted,  however.  It  was  shown  to 
be  a  significant  tool  and  had  an  especially  important  prop- 
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Fig.  5-26.  Ice  floe  imagery  obtained  on  March  21, 1989,  during 
CEAREX  with  the  ERIM/NADC  P-3  SAR.  Featxires  include  open 
water,  nilas,  gray  ice,  and  multiyear  ice.  The  polarization  is  W  and 
the  incidence  angle  range  goes  from  20°  to  70°.  (a)  An  L-band 
(1.2-GHz)  image,  (b)  a  C-band  (S.S-GHz)  image,  and  (c)  an  X-band 
(9.4-GHz)  image. 


erty — ^that  of  being  operable  in  all  weathers  and  during  the 
day  or  night,  which  is  especially  important  in  the  dark  and 
often  cloud-covered  regions  in  the  Arctic — ^as  well  as  the 
ability  to  provide  geophysical  information  such  as  concen¬ 
tration,  floe  size,  water  openings,  topographic  features, 
fractures,  and  ice  age  [Ringwalt  and  MacDonald,  1956; 
Rouse,  1969;  Johnson  and  Farmer,  1971;  Loshchilov  and 
Voyevodin,  1972;  Ketchum  and  Tooma,  1973;  Parashar, 
1974;  Gray  et  al.,  1977, 1982;  Campbell  et  al.,  1978;  Luther 
and  Shuchman,  1980;  Livingstone  et  al.,  1981 ;  Larson  et  al., 
1981;  Weeks,  1981;  Lyden  et  al.,  1984]. 

5.5.1  Examples  of  SAR  Imagery 

5,5 JJ,  Sea  ice  during  winter,  A  three-frequency  (L-,  C-, 
and  X-band)  image  set  is  provided  in  Figure  5-26.  These 
data  were  obtained  in  the  Fram  Strait  during  March  when 
air  temperatures  were  about  -20°C.  The  instrument  used 
was  the  Environmental  Research  Institute  of  Michigan/ 
Naval  Air  Development  Center  (ERIM/NADC)  P-3  SAR, 
which  has  a  resolution  of  about  1.8  m;  incidence  angles 
ranged  from  20°  to  70°,  and  the  area  coverage  of  an  image 
was  about  10  km. 

5,5, 1,2.  L-band.  Beginning  with  the  L-band  image,  the 
features  that  stand  out  most  strikingly  are  those  associated 
with  large-scale  topographic  features,  which  include  pres¬ 


sure  ridges,  ridge  lines,  fractures,  and  rubble.  Other  fea¬ 
tures  include  the  open-water  region  (wind  speed  was  about 
5  m/s),  the  dark  return  from  nilas,  the  bright  return  from 
some  of  the  gray-ice  areas,  and  the  featureless  return  from 
homogeneous  mialtiyear  ice.  The  utility  of  an  L-band  radar 
[Onstott  et  al.,  1991]  to  aid  in  the  discrimination  of  open 
water,  new  ice,  and  nilas  may  be  limited  by  the  sensitivity 
of  the  radar  (o°^-„  =  -35  dB),  not  the  ice  physics.  Precise 
determination  of  the  open  water  areas  may  require  study  or 
the  utilization  of  HH-polarization  data  (water  return  areas 
are  weaker  than  ice  return  areas  by  5  to  7  dB).  Determina¬ 
tion  of  floe  boundaries  is  often  less  precise  at  L-band  than 
at  other  frequencies.  The  linear  features  seen  in  the  4-km 
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multiyear  floe  are  pressure  ridges.  Pressure  ridges  are 
composed  of  blocks  of  ice  with  tilted  sturfaces,  and  they  may 
produce  strong  backscatter  due  to  scattering  from  indi¬ 
vidual  facets,  multiple-facet  scattering,  and,  in  some  cases, 
enhanced  volume  scattering  due  to  a  transition  into  a  very 
low-density  ice  form  [Gogineni,  1984;  Livingstone  et  al., 
1983]. 

5.5. 1.3.  C-band.  Most  striking  in  this  image  is  the  fact 
that  floe  boundaries  are  more  defined  and  the  old  ice  now 
has  a  much  stronger  backscatter  than  is  the  case  at  the 
lower  frequency.  This  illustrates  the  important  role  volume 
scattering  plays  in  the  backscatter  from  sea  ice.  The  areas 
that  produce  weak  backscatter  are  either  first-year  ice  or 
open  water.  The  region  of  gray  ice  that  runs  diagonal  in  the 
image  produces  a  moderate  backscatter  that  is  reasonably 
homogeneous  and  shows  few  ridge  lines.  It  maybe  difficult 
to  see  from  this  image,  but  the  open  water  provides  the 
weakest  backscatter  and  the  nilas  produces  a  sHghtly  greater 
backscatter.  Based  on  this  image,  it  may  be  inferred  that 
the  calculation  of  the  multiyear  fraction  may  be  obtained 
accurately. 

5.5. 1.4.  X’band.  Probably  the  most  striking  characteris¬ 
tic  of  this  image  is  the  similarity  to  C-band.  It  takes  careful 
study  to  detect  differences.  It  is  not  known  what  role  the 
presentation  (i.e.,  the  normaUzation  used  in  the  prepara¬ 
tion  of  the  image)  has  played  here,  but  scatterometer 
measiarements  have  shown  that  backscatter  at  C-  and 
X-band  are  more  similar  than  different,  with  X-band  show¬ 
ing  a  few  decibels  more  dynamic  range  between  ice  types, 
but  also  a  few  decibels  more  variance. 

5.5. 1.5.  Nilas  and  young  ice.  An  image  (Figure  5-27) 
obtained  on  March  20, 1989,  during  CEAREX  at  C-band 
(5.3  GHz)  shows  features  that  include  open  water,  nilas, 
multiyear  ice,  and  gray  ice.  The  majority  of  the  image  is 
composed  of  gray  ice  of  various  ages  and  thicknesses  that 
has  the  distinction  of  appearing  like  panes  of  broken  glass. 
The  brighter  the  image  intensity,  the  thicker  the  gray  ice  in 
this  case.  The  polarization  is  W,  and  the  incidence  angle 
range  goes  from  20®  to  70®.  A  vast  floe  located  in  the  lower 
right-hand  comer  of  the  image  moved  at  a  drift  rate  differ¬ 
ent  from  that  of  the  surrounding  ice .  Thin  ice  of  various  ages 
is  found  near  the  leeward  side  of  this  floe.  The  floes  with 
linear  boundaries  and  of  similar  sizes  making  up  much  of 
the  center  portion  of  this  image  are  composed  of  young  ice 
with  thickness  in  the  range  of  5  to  50  cm.  Their  backscatter 
intensity  is  related  directly  to  the  development  of  frost 
flower  formations  and  the  infiltration  of  snow.  The  results 
of the  CEAREX  study  will  aid  in  determining  if  a  continuum 
of  ice  thickness  values  may  be  retrieved.  At  present,  only 
four  major  ice-type  categories  (open  water,  thin  ice,  first- 
year  ice,  and  multiyear  ice)  are  expected  to  be  discriminated 
using  satelhte  data  [Kwok  et  al.,  1991]. 

An  image  (Figme  5-28)  obtained  during  a  study  of  the  fall 
freeze-up  also  shows  that  the  contrast  between  the  various 
ice  types  is  very  similar  during  winter  and  fall.  As  deter- 


Fig.  5-27.  Ice  floe  imagery  obtained  on  March  20, 1989,  during 
CEAREX  with  the  ERIM/NADC  P-3  C-band  (5.3-GHz)  SAR.  Fea¬ 
tures  include  open  water,  nilas,  gray  ice,  and  multiyear  ice.  The 
majority  of  the  image  is  composed  of  gray  ice  of  various  ages  and 
thicknesses.  The  brighter  the  image  intensity,  the  thicker  the  ice 
sheet.  The  polarization  is  W,  and  the  incidence  angle  range  goes 
from  20®  to  70®. 


mined  during  CEAREX,  the  important  forcing  condition  is 
a  few  days  of  cold  weather.  As  noted  above,  during  fall ,  nilas 
and  yoimg  ice  may  present  various  backscatter  intensities. 

5.5. 1.6.  Sea  ice  during  summer.  With  the  input  of  free 
water  into  the  snowpack  during  summer,  microwave  signa¬ 
tures  maybecome  progressively  lessvariable.  InFigure  5-29, 
three  images  (taken  as  part  of  MIZEX’84  on  June  29)  are 
presented  to  illustrate  the  character  of  sea  ice  at  peak  melt. 
The  composition  of  the  large  multiyear  floe  includes  an  area 
where  the  snow  was  homogeneous  (and  thick)  with  no  signs 
of  surface  pooling,  areas  with  subsurface  pooling  of  free 
water,  and  areas  of  first-year  ice.  The  variability  that  is 
present  is  due  to  different  degrees  of  siarface  wetness  and 
different  amounts  of  snow  cover.  By  early  summer  to 
midsummer,  the  snowpack  had  experienced  considerable 
melt,  and  depressions  in  the  ice  or  snow  with  a  low  free¬ 
board  had  collected  varying  quantities  of  meltwater.  Fully 
open  melt  pools  appear  as  “no  return”  areas,  not  dissimilar 
to  the  response  of  open  water  between  floes,  at  both  1 .2  and 
9.4  GHz.  In  areas  of  melt  pool  formation  and  in  areas  where 
snow  is  being  transformed  into  mixtures  of  snow,  ice,  and 
water,  strong  returns  appear.  For  areas  of  thick  and 
drained  snow,  weak  returns  appear  at  both  frequencies, 
and  the  ice  surface  topography  is  well  masked.  As  the 
frequency  decreases,  the  contrast  between  areas  withheavy 
and  thin  snow  cover  increases.  In  areas  where  melting  has 
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produced  both  a  thin  snow  cover  and  enhanced  small-scale 
surface  roughness  (on  the  order  of  1  to  3  cm  for  first-year 
ice),  strong  returns  are  produced,  especially  at  1.2  GHz. 
Thus,  later  in  summer,  as  the  ice  surface  is  exposed  and 
surface  melt  ponds  drain,  the  radar  backscatter  again 
reflects  ice  type  differences  [Onstott  et  al.,  1987;  Livingstone 
et  al. ,  1 987a,  b;  Cavalieri  et  al.,  1 990].  It  was  also  determined 
that  pressure  ridges  were  very  difficult  to  detect  at  mid¬ 
summer,  due  to  the  heavy  snow  burden.  At  X-band,  the 
brightest  featxires  detected  at  the  multiyear  floe  were  as¬ 
sociated  with  thin  first-year  ice.  Here,  the  presence  of  a  thin 
snow  cover  and  superimposed  ice  contribute  to  a  relatively 


strong  backscatter.  This  is  also  apparent  in  the  aerial 
photograph  from  the  features  that  are  gray  in  color.  It 
should  be  noted  that  floes  designated  as  multiyear  ice  are 
actually  composites  of  multiyear  and  first-year  ice  of  vari¬ 
ous  ages.  The  first-year  ice  in  effect  welds  the  multiyear 
fragments  together.  This  structure  is  apparent  from  fur¬ 
ther  examination  of  the  aerial  photograph.  The  areas  on  a 
multiyear  ice  floe  that  experience  the  greatest  melt  are  the 
first-year  ice  areas. 

5.5.  i.  7.  Post-peak  melt  At  the  point  after  midsummer 
when  50%  to  60%  of  the  snow  cover  has  melted,  open-water 
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(a) 


Fig.  5-29.  Ice  floe  imagery  obtained  on  Jime  29,  1984,  during 
MIZEX*84  at  (a)  X-band  (9.4  GHz),  (b)  L-band  (1.2  GHz),  and 
(c)  with  an  aerial  camera.  Surface  features  include  snow-covered 
ice  (SC);  heavily  snow-covered  ice  (HV«SC);  thick  (TFY),  medium 
(MFY),  and  thin  first-year  (ThFY)  ice;  pressure  ridges  (PR);  sub¬ 
surface  melt  ponds  (SS«MP);  and  melt  pools  (MP). 


Fig.  5-30.  Ice  floe  imagery  obtained  in  July  1 983,  during  MIZEX'83 
at  X-band  (9.4  GHz)  and  L-band  (1.2  GHz).  Surface  features 
include  first-year  ice,  an  old  refrozen  lead,  a  melt  pond,  and 
multiyear  ice. 

melt  pools  become  common  on  thick  ice.  For  the  thin  ice,  the 
snowpack  has  now  eroded  into  a  2-cm-thick  granular  snow- 
ice  layer,  and  former  melt  pools  consist  of  collections  of 
candled  ice  tips  that  rise  up  to  1  cm  above  the  freeboard  of 
the  thin,  saturated  ice  sheet.  Backscatter  from  multiyear 
ice  is  greater  than  or  equal  to  that  from  first-year  ice;  a 
contraist  reversal  has  taken  place.  After  midsummer,  first- 
year  ice  roughness  elements  have  been  eroded  by  melt  to  a 
point  where  they  are  small  in  relation  to  the  radar  wave¬ 
length;  the  surface  appears  smooth  and  produces  weak 
backscatter  (see  Figure  5-30).  Multiyear  ice  remains  topo¬ 
graphically  rough  and  has  many  tilted  surfaces  and  a 
complex  mixture  of  ice,  snow,  and  water  features  that 
provide  a  strong  surface  scatter.  At  X-band,  the  image 
presented  is  almost  featureless.  First-year  ice,  an  old  lead, 
and  multiyear  ice  produce  similar  bac^catter  levels.  This 
indicates  that  the  small-scale  roughness  for  each  of  these 
features  is  very  similar.  Only  the  melt  pool  feature  stands 
out.  In  the  L-band  image,  first-year  ice  produces  a  weak 
backscatter  (a  trend  reversal),  but  not  as  weak  as  that 
produced  by  open  water  between  floes.  It  is  spatially  more 
homogeneous  than  the  areas  with  probable  subsurface 
pooling. 

5.5. 1.8.  Tone  and  texture.  To  date,  the  primary  exploita¬ 
tion  of  backscatter  information  is  associated  with  intensity 
(tone)  and  standard  deviation.  The  exploitation  of  spatial 
variation  has  been  elusive  to  date,  even  though  visual 
examination  of  imagery  gives  one  the  sense  that  it  should  be 
exploitable  [Guindon  et  al. ,  1 982;  Bums  and  Lyzenga,  1 984; 
Holmes  et  al. ,  1 984;  Barber, 1 989;  Shokr,  1 990;  Wackerman, 
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1991].  The  spatial  variability  of  physical  and  microwave 
properties  for  multiyear  ice  is  considerable.  The  constitu¬ 
ents  that  contribute  to  the  signature  of  multiyear  ice  include 
pressure  ridges,  rubble  areas,  individual  and  strings  of  melt 
pools,  and  refrozen  first-year  leads.  The  spatial  variabihty 
of  first-year  ice  is  primarily  influenced  by  the  distribution 
of  pressure  ridges,  ridge  lines,  and  fracture  fines.  Since 
there  is  no  prescribed  order  to  the  physical  characteristics 
of  either  first-year  or  multiyear  ice,  texture  measures  may 
be  image  dependent  and  not  easily  extrapolated.  In  addi¬ 
tion,  since  many  features  are  small  in  extent,  the  resolution 
impacts  the  results  obtained.  However,  visual  analysis 
uses  textural  clues,  as  well  as  floe  shape,  to  establish  ice- 
type  information,  with  the  requirement  that  the  data  are 
obtained  at  moderate  resolution. 

5.5. i.9.  Pressure  ridges.  Multiyear  ice  ridges  have  cross 
sections  only  3  to  4  dB  greater  than  the  background  ice 
[Gray  et  al.,  1982;  Livingstone  et  al.,  1983, 1987b].  First- 
year  ridge  returns  are  t5q)ically  brighter  than  the  back¬ 
ground,  with  the  probability  that  they  scatter  as  strongly  as 
the  ridge  retiuns  of  multiyear  ice.  Pressure  ridges  Eire 
characterized  as  long,  linear  features  composed  of  blocks  of 
broken  ice.  Strong  backscatter  is  associated  with  tilted 
surfaces.  It  has  been  observed  that  old  mxiltiyear  pressure 
ridges  may  be  most  easily  detected  if  observed  broadside 
and  may  not  be  detectable  if  observed  along  track.  This  may 
be  attributed  to  the  weathering  of  a  ridge  to  a  point  where 
the  backscatter  is  dominated  by  volume  scattering,  which  is 
much  less  sensitive  to  the  local  incidence  angle.  This 
suggests  that  the  reflection  off  the  flat  ice  adjacent  to  an  old 
ridge  may  be  important  in  providing  the  needed  backscatter 
enhancement  that  distinguishes  the  ridge  from  the  back- 
groimd  ice.  The  geometry  is  such  that  when  the  radar  is 
aligned  parallel  to  the  ridge,  this  forward-scattering  contri¬ 
bution  is  not  present.  In  Figures  5-26  to  5-30  a  number  of 
ridges  are  identifiable.  Note  especially  that  during  sum¬ 
mer,  the  tilted  blocks  are  coated  with  moist  snow,  which 
masks  the  backscatter  from  tilted  blocks  that  is  so  impor¬ 
tant  in  winter.  In  addition,  pressure  ridges  are  more  likely 
to  be  identified  during  this  period  as  long,  linear  features  of 
weak  return  surrounded  by  strings  of  melt  pools. 

5.6  SAR-Scatterometer  Comparisons 

A  number  of  SAR  and  scatterometer  intercomparisons 
have  been  made  [Parashar,  1974;  Livingstone  et  al.,  1 987a; 
Shuchman  et  al.,  1989;  Onstott  and  Shuchman,  1990]. 
These  have  included  comparison  of  relative  change  between 
ice  types,  as  well  as  of  absolute  change  levels.  One  of  the 
more  important  differences  in  these  intercomparisons  has 
to  do  with  the  sampling.  Scatterometer  observations  are 
often  conducted  over  homogeneous  regions;  for  instance,  for 
mxiltiyear  ice,  a  decision  may  be  made  to  differentiate 
between  pressure  ridges  and  flat  ice  and  to  separate  them 
into  two  populations.  This  is  also  true  to  a  lesser  extent  in 
SAR  analysis,  and  probably  only  for  the  prominent  ridges. 
Melt  pools  and  hummocks  are  often  combined  together.  In 


general,  the  results  from  aircraft  and  in-situ  observations 
are  in  agreement.  Aircraft  data  often  acquire  more  of  a 
S3nQoptic  view  of  ice  conditions,  whereas  in-situ  observa¬ 
tions  obtain  more  detailed  information,  but  at  fewer  loca¬ 
tions. 

5.7  Optimum  Frequency,  Polarization,  and  iNcmENCE 
Angle 

Many  questions  arise  in  the  discussion  of  the  optimum 
choices  of  frequency,  polarization,  and  incidence  angle. 
What  if  multiple  frequencies  and  polarizations  can  be 
utilized?  Furthermore,  what  if  the  coherent  properties  of 
clutter  may  be  exploited?  What  then  is  optimum?  Season 
and  the  set  of  ice  types  to  be  discriminated  among  may  also 
have  a  bearing.  At  present,  there  is  difficulty  in  specifying 
the  best  set  of  radar  parameters.  A  general  discussion  of 
what  appears  reasonable  follows. 

5. 7. 1  Optimum  Frequency 

During  winter,  the  critical  mechanism  in  separating 
first-year  and  multiyear  ice  is  discriminating  backscatter 
dominated  by  volume  scattering  from  that  dominated  by 
sinface  scattering.  This  works  because  the  siuface  roughness 
for  each  of  these  ice  types  is  similar.  Observations  suggest 
that  surface  scatteringmay  increase  with  frequency  squared. 
It  has  been  shown  [Kim,  1984;  Kim  et  al.,  1984a]  that 
multiyear  ice  may  be  well  modeled  by  spherical  scatterers. 
In  somewhat  simplistic  terms,  this  suggests  that  the  opti¬ 
mum  frequency  will  be  one  that  exploits  the  fact  that 
volume  scattering  dominates.  Rayleigh-scattering  cross 
sections  increase  with  A®  (but  losses  reduce  the  overall 
effect  to  A^),  so  one  should  choose  a  wavelength  A  such  that 
surface  scattering  remains  the  principal  backscatter 
mechanism  for  first-year  ice;  also,  the  wavelength  should  be 
short  enough  for  strong  multiyear  ice  volume  scatter. 

Frequency  responses  for  frequencies  from  1  to  100  GHz 
are  shown  in  Figure  5-31  for  multiyear  and  first-year  ice. 
These  data  suggest  that  the  contrast  increases  with  in¬ 
creasing  frequency  and  that  a  minimum  occurs  at  frequen¬ 
cies  below  2  GHz.  The  upper  limit  is  not  well-defined.  A 
family  of  theoretical  pre^ctions  (using  radiative  transfer 
theory)  has  been  developed  to  examine  the  optimum  fre¬ 
quency  for  the  case  of  HH-polarization  and  an  incidence 
angle  of  40°.  These  results  are  presented  in  Figure  5-18. 
Measurement  data  are  also  included  to  provide  a  compari¬ 
son  of  a  typical  backscatter  response  with  the  range  of 
responses  possible  for  observed  physical-property  values. 
This  work  suggests  that  the  optimum  frequency  may  occur 
in  the  Ku-  or  Ka-band  portion  of  the  microwave  region. 
Observations  and  predictions  argue  that  discrimination  at 
C-band  will  be  much  better  than  at  L-band,  and  that  results 
at  X-band  will  be  similar  to  those  at  C-band,  but  with 
additional  dynamic  range. 

During  sxunmer,  it  was  shown  [Onstott  and  Gogineni, 
1985;  Livingstone  et  al.,  1987a,  b;  Onstott  et  al.,  1987]  that 
at  high  frequencies,  the  moist  snowpack  produced  sea  ice 
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images  that  were  essentially  featureless,  except  that  open 
water  could  easily  be  distinguished  from  sea  ice.  The  ability 
to  discriminate  improved  with  decreasing  frequency,  with 
the  greatest  separation  at  L-band.  The  underlying  process 
was  attributed  to  the  ability  to  penetrate  and  sense  the 
rough  ice-snow  interface.  For  all-season  capability,  selec¬ 
tion  of  a  C-band  frequency  is  a  very  reasonable  choice  when 
satellite  operation  is  limited  to  one  frequency. 

5. 7.2  Optimum  Polarization 

The  choice  of  the  optimum  polarization  is  less  obvious 
than  the  choice  of  the  optimum  frequency.  For  many  ice 
forms,  W  and  HH  are  very  similar.  However,  for  open 
water  and  calm  conditions,  the  cross  section  at  W-polariza- 
tion  is  5  to  7  dB  greater  than  at  HH-polarization.  For  very 
thin  ice,  W-polarization  may  have  a  cross  section  2  to  3  d6 
greater  than  that  of  HH-polarization.  Cross-polarization 
has  been  shown  to  increase  the  range  between  multiyeeir 
and  first-year  returns  by  an  additional  3  dB  [Parashar, 
1974;  Onstott  et  al.,  1979;  Livingstone  et  al.,  1983].  This  is 
attributed  to  the  very  weak  depolarization  that  occurs  for 
smooth  and  shghtly  rough  surfaces.  Volumes  composed  of 
discrete  scatterers  or  dielectric  discontinuities  give  rise  to  a 
strong  depolarization  component.  This  is  well  illustrated 
by  comparing  a  multiyear  hummock  (many  discrete  scatter¬ 
ers)  and  a  melt  pool  (few  discrete  scatterers).  However,  the 
discrimination  among  young  ice  types  is  hampered  if  cross¬ 
polarization  is  used,  because  intensity  differences  due  to 
surface  scatter  are  suppressed.  The  choice  of  polarization 
is  often  driven  more  by  system  considerations,  such  as  ease 
of  antenna  design  or  the  amount  of  available  transmitter 
power.  An  intercomparison  of  the  contrast  between 
multiyear  ice,  first-year  ice,  and  thin  ice  is  shown  in  Fig¬ 
ures  5-32  to  5-34  for  W-,  HH-,  and  VH-polarizations. 


Fig.  5-31 .  The  radar-scattering  coefficients  of  multiyear  and  first- 
year  ice  are  shown  as  a  function  of  frequency  and  polarization,  eind 
at  an  angle  of  40°.  This  response  is  for  winter  conditions. 


(a) 


Fig.  5-32.  The  contrast  in  scattering  coefficients  of  multiyear  and 
first-year  ice  is  shown  as  a  function  of  polarization,  angle,  and 
frequency.  In  (a)  the  polarization  is  W,  in  (b)  it  is  HH,  and  in  (c) 
it  is  VH. 
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Fig.  5-33.  The  differences  between  radar-scattering  coefficients  of 
multiyear  ice,  first-year  ice,  lead  ice  (30-cm  thick),  and  a  multiyear 
hummock  andmelt  pool  are  shown  for  fall  conditions.  The  incidence 
angle  is  40°,  and  the  polarization  is  W. 


Fig.  5-34.  The  contrast  in  the  scattering  coefficient  of  gray-white 
ice  and  first-year  ice  is  shown  as  a  function  of  frequency.  The 
polarization  is  W. 


TABLE  5-5.  Radar  lookup  tables  developed  for  ASF  GPS 
and  ERS-1 . 


Ice  season 

Description 

Period 

Winter  and 
early  spring 

Cold  conditions 

November-April 

Late  spring 

Warming  conditions 

May  and  June 

Early  summer 

Moist  snow 

June 

Midsummer 

Peak  melt 

Late  June  and  July 

Late  summer 

Post-peak  melt 

July  and  August 

Fall 

Freezing  conditions 

September  and  October 

5. 7. 3  Optimum  Incidence  Angle 

Based  purely  on  backscattering  phenomena,  the  opti¬ 
mum  incidence  angle  range  is  from  20°  to  70°  (the  middle 
angles),  with  the  imphcation  that  the  optimum  angle  may 
be  polarization  and  ice-type  sensitive.  Angles  near  vertical 
are  dominated  by  surface  scattering  and  coherence  effects. 
In  the  angle  region  from  10°  to  15°,  the  various  scattering 
responses  intersect,  causing  confusion.  At  the  small  graz¬ 
ing  angles,  backscatter  originates  from  topographical  fea¬ 
tures,  if  it  occurs  at  all.  An  example  of  the  polarization 
response  for  the  contrast  between  multiyear  and  first-year 
ice  for  winter  conditions  is  presented  in  Figures  5-32  and 
5-33.  In  Figure  5-34,  gray-white  ice  is  contrasted  with  thick 
first-year  ice. 

5.8  Radar  Lookup  Tables  for  ASF  GPS 

The  results  of  the  in-situ  scatterometer  observations 
have  culminated  in  providing  a  set  of  tables  that  contain 
scattering  coefficients  for  three  to  four  ice-type  combina¬ 
tions.  There  are  tables  for  six  seasons  that  have  been 
identified  according  to  changes  produced  in  ice  backscatter. 
They  include  winter  to  early  spring,  late  spring,  early 
summer,  midsummer,  late  summer,  and  fall.  The  seasons, 
the  ice  state  conditions,  and  the  time  periods  are  provided 
in  Table  5-5.  Tables  have  been  produced  for  the  European 
Space  Agency’s  Remote  Sensing  Satellite  (ERS-1  operates 
at  C-W-23°),  the  Japanese  Earth  Resources  Satelhte 
(JERS-1  operates  at  Lr-HH-35°),  and  the  NASA  Earth 
Observing  System  satellite  (EOS  is  designed  to  operate  at 
X-HH-25°,  as  well  as  other  frequencies  and  polarizations). 
Entries  in  the  tables  include  major  ice-type  categories,  the 
thickness  range  associated  with  each  category,  and  radar- 
scattering  coefficients  described  by  means,  standard  devia¬ 
tions,  and  slope  (e.g.,  for  20°  to  26°  in  the  case  of  the  ERS- 
1  radar  lookup  table  [RLT]  series).  Tables  5-6, 5-7,  and  5-8 
are  iised  in  conjunction  with  the  Alaska  Synthetic  Aperture 
Radar  Facility  (ASF)  Geophysical  Processor  System  (GPS) 
to  discriminate  among  ice  types.  Clutter  categories  are 
segmented,  statistics  of  each  segment  (mesui  o°  and  its 
standard  deviation)  are  compared  with  values  contained  in 
the  lookup  tables,  and  a  decision  is  made  as  to  ice  type  (see 
Chapter  19). 

The  validation  of  ASF  GPS  ice-t3q)e  products  began  in 
March  1992.  Study  of  the  accuracy  of  ice-type  discrimina¬ 
tion  done  with  ERS-1  data  and  by  using  the  ASF  GPS  is  the 
subject  of  a  major  validation  campaign.  Questions  such  as 
the  influence  of  region  on  accuracy,  the  need  to  develop 
RLTs  with  regional  adaptability,  and  the  approach  in 
selecting  RLT’s  for  use  in  tempord  and  seasonal  studies  of 
ice  sheet  processes  are  topics  under  consideration.  Efforts 
at  improving  ice-type  discrimination  will  consider  the  use  of 
ancillary  data  (such  as  air  temperature,  snowfall  predic¬ 
tions,  and  time  of  year),  the  incorporation  of  electromag¬ 
netic  models  for  absolute-level  adjiistment,  and  the  exploi¬ 
tation  of  temporal  SAR  data. 
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TABLE  5-6.  Radar  lookup  tables  developed  for  ASF  GPS  and  ERS-1. 


Ice  type 

Thickness,  cm 

cf,dB 

Standard  deviation,  dB 

Slope,  dB/deg 

Winter  to  early  spring 

MY 

>220 

-8.6 

2.2 

-0.08 

TFY 

70  to  220 

-11.5 

2.1 

-0,77 

THFY 

20  to  70 

-13.3 

1.2 

-0.17 

OW 

0 

<-19.7 

4.0 

-0.04 

Late  spring 

m 

>220 

-10.7 

2.1 

-0.27 

TFY 

70  to  220 

-13.2 

1.1 

-0.22 

OW 

0 

<-19.7 

4.0 

-0.04 

Early  summer 

MYSYTFYMFY 

>70 

-16.3 

1.1 

-0.33 

THFY 

20  to  70 

-13.1 

1.4 

-0.16 

OW 

0 

<  -19.7 

4.0 

-0.04 

Midsummer 

MY  and  TFY 

>120 

-16.3 

1.1 

-0.33 

MFY 

70  to  120 

-14.7 

1.5 

-0.27 

THFY 

30  to  70 

-13.1 

1.4 

-0.16 

OW 

0 

<-19.7 

4.0 

-0.04 

Late  summer 

MY  and  TFY 

>120 

-16.8 

1.8 

-0.60 

THFY 

30  to  70 

-18.4 

2.2 

-0.45 

OW 

0 

<-19,7 

4.0 

-0.04 

Fall 

MY 

>150 

-10.5 

1.7 

-0,04 

FY 

120 

-12.5 

1.9 

-0.21 

THFY  and  OW 

0to30 

<-19.7 

2.0  to  4.0 

-0.04  to -0.63 

MFY  =  medium  first-year  ice 

TABLE  5-7.  Radar  lookup  tables  developed  for  ASF  GPS  and  JERS-1 . 


Ice  type 

Thickness,  cm 

0°,dB 

Standard  deviation,  dB 

Slope,  dB/deg 

Winter  to  early  spring 

MY 

>220 

-7.0 

TBD 

-0.28 

TFY  MFY  THFY 

20  to  220 

-23.4 

TBD 

-0.67 

OW 

0 

<-30.7 

TBD 

-0.53 

Late  spring 

MY 

>220 

-15.5 

TBD 

-0.28 

TFY 

70  to  220 

-23.4 

TBD 

-0.67 

OW 

0 

<-30.7 

TBD 

-0.53 

Early  summer 

MYSYTFYMFY 

>70 

-15.1 

TBD 

-0.15 

ThFY 

20  to  70 

TBD 

TBD 

TBD 

OW 

0 

<^0.7 

TBD 

-0.53 

Midsummer 

MY 

>220 

-22.7 

2.0 

-0.54 

TFY  MFY 

70  to  220 

-19,8 

TBD 

-0.55 

OW 

0 

<-30,7 

TBD 

-0.53 

Late  summer 

MY  and  TFY 

>120 

-21.9 

TBD 

-0.54 

ThFY 

30  to  70 

-28.1 

TBD 

-0.67 

OW 

0 

<-30.7 

TBD 

-0.53 

Fall 

MY 

>150 

-17.3 

TBD 

-0.43 

FY 

30  to  120 

-18.4 

TBD 

-0.43 

OW 

0 

<-30.7 

TBD 

-0.53 
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TABLE  5-8.  Radar  lookup  tables  developed  for  ASF  GPS  and  EOS  X— HH— 23®. 


Ice  type 

Thickness,  cm 

0®,dB 

Standard  deviation,  dB 

Slope,  dB/deg 

Winter  to  early  spring 

MY 

>220 

-3.6 

1.9 

—0.25 

FY 

20  to  220 

-14.2 

1.8 

-0.10  to -0.31 

OW 

0 

<-29.7 

0.3 

0 

Late  spring 

MY 

>220 

TBD 

TBD 

TBD 

TFY 

70  to  220 

TBD 

TBD 

TBD 

OW 

0 

<-29.7 

0.3 

0 

Early  summer 

MYSYTFYMFY 

>70 

-15.9 

0.7 

—0.42 

ThFY 

20  to  70 

-15.1 

0.4 

-0.11 

OW 

0 

<-29,7 

0.3 

0 

Midsummer 

MY  and  TFY 

>70 

-15.7 

0.7 

-0.11  to -0.42 

ThFY 

20  to  70 

-14.7 

0.35 

-0.11 

OW 

0 

<-29.7 

0.3 

0 

Late  summer 

MY  and  TFY 

>120 

TBD 

TBD 

TBD 

ThFY 

30  to  70 

TBD 

TBD 

TBD 

OW 

0 

<  -29.7 

0.3 

0 

Fall 

MY 

^50 

-6.9 

2.4 

-0.05 

FY 

>70 

-13.5 

0.9 

-0.31 

ThFY 

30  to  70 

-14.4 

1.2 

-0.10 

5.9  Future  Opportunities  and  Issues 

The  ability  to  obtain  temporal  information  about  the 
polar  regions  is  now  becoming  a  reality.  The  polar  regions 
in  the  United  States  have  only  been  the  subject  of  active 
microwave  observation  on  an  occasional  basis,  and  then 
only  for  a  few  weeks  at  a  time.  This  is  beginning  to  change. 
Observations  with  moderate  resolutions  (i.e.,  about  10  m) 
will  become  commonplace  rather  than  the  exception.  The 
European  Space  Agency  launched  the  ERS-1  SAR  on  July  17, 
1991.  Japan^s  National  Space  Development  Agency 
launched  the  JERS-1  SAR  on  February  11,  1992.  The 
Canadian  Space  Agency  has  a  1994  launch  scheduled  for  its 
Radarsat  SAR  (C-HH-SO®  to  50®).  The  United  States  is 
considering  a  multifrequency  and  multipolarization  SAR 
for  2005.  The  former  USSR  laxmched  a  series  of  X-band 
RAR’s  (Kosmos/Okean),  starting  in  1983,  andS-bandSAR's 
(ALMAZ)  in  1987.  With  the  potential  of  numerous  sensors 
in  space  at  once,  it  appears  possible  to  have  multifrequency, 
multiple  polarizations,  and  multiple  angle  views.  In  addition, 
the  frequency  of  coverage  may  allow  for  global  mappings  in 
enormous  detail.  The  potential  for  retrieving  very  useful 
and  timely  information  is  upon  us. 

Future  efforts  will  be  directed  toward  the  use  of  multi¬ 
parameter  and  multitemporal  data.  As  suggested  above,  to 
obtain  global  coverage,  various  sensors  may  be  used,  with 
probable  differences  in  operating  parameters.  In  the  past, 
work  has  centered  on  the  exploitation  of  a  single  image  at 
a  time.  This  will  change.  Both  the  study  of  the  seasonal 
response  (microwave  and  physical  property)  of  sea  ice  and 


the  availability  of  multitemporal  SAR  data  allow  for  a  very 
large  next  step,  that  is,  exploitation  of  time  evolution .  With 
such  an  assessment,  the  abiUty  to  reduce  signature  ambigu¬ 
ities  is  possible,  especially  if  multiple  frequencies,  polariza¬ 
tions,  and  angles  are  included.  Given  the  proper  informa¬ 
tion  (including  ancillary  data)  and  continuous  coverage,  ice- 
thickness,  mass-balance,  and  heat-transfer  estimates  will 
improve. 

At  present,  discrimination  between  ice  forms  is  by  ice 
type,  rather  than  by  thickness.  Ice  thickness  has  been 
suggested  to  be  an  important  indicator  of  global  change  and 
is  known  to  be  important  in  heat>-mass  balance  predictions. 
Future  research  efforts  will  be  directed  to  improving  this 
ability  to  determine  thickness.  It  is  hypothesized  that  a 
continuum  of  thickness  values  will  be  retrieved  by  incorpo¬ 
rating  an  understanding  of  the  evolution  of  first-year  ice 
(with  links  between  microwave  signatures,  physical  prop¬ 
erties,  and  environmental  conditions).  This,  coupled  with 
temporal  SAR  data,  certainly  promises  an  exciting  future 
and  dramatic  improvements  in  the  retrieval  of  geophysical 
information  about  our  polar  regions. 
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9.1  Introduction 

The  electrical  properties  of  sea  ice  growing  on  the  open 
ocean  are  determined  by  the  mechanical  and  thermody¬ 
namical  influences  of  the  ocean  and  atmosphere.  Winds, 
currents,  and  air  and  water  temperatures,  among  other 
variables,  contribute  to  the  eventual  roughness,  texture, 
chemical  composition,  and  temperature  gradient  through 
the  sea  ice.  These  latter  properties  tend  to  be  inhomogeneous 
over  relatively  short  length  scales  (tens  of  meters  horizon¬ 
tally  and  tens  of  centimeters  vertically  at  best)  and  they 
tend  to  evolve  with  time  as  the  boundary  conditions  and 
internal  composition  of  the  ice  pack  change.  For  these 
reasons,  the  analyses  of  electromagnetic  data  collected  by 
spaceborne  instruments  over  sea  ice  have  tended  to  rely  on 
empirical  relationships  between  limited  ranges  of  an  elec¬ 
tromagnetic  variable  (e.g.,  brightness  temperature)  and  a 
geophysical  property  of  the  ice.  Numerous  papers  docu¬ 
ment  the  success  of  this  analysis  approach  for  estimating 
sea  ice  concentration  and  sea  ice  motion  (e.g.,  Swift  and 
Cavalieri  [1985];  Zwally  et  al.  [1983];  Parkinson  et  al. 
[1987]).  Yet  for  these  same  reasons,  attempts  to  obtain  a 
deeper  understanding  of  the  electromagnetic  properties  of 
naturally  growing  sea  ice  can  be  complicated.  For  example, 
it  is  logistically  difficult  to  measure  amd  sample  young  sea 
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ice.  Some  features  such  as  the  onset  of  flooding  are  tran¬ 
sient  phenomena,  lateral  inhomogeneity  makes  sampling 
difficiilt,  and  the  opportunities  to  view  a  particular  type  of 
ice  or  even  the  same  piece  of  ice  throughout  the  seasonal 
cycle  have  been  rare.  Individually,  almost  all  of  these 
problems  can  and  have  been  overcome  by  field  investiga¬ 
tors.  But,  taken  together,  there  seems  to  be  a  strong 
argument  for  designing  a  new  approach  to  answering  fun¬ 
damental  questions  about  sea  ice  electromagnetic  proper¬ 
ties,  namely,  what  are  the  important  scattering  and  absorp¬ 
tion  mechanisms  in  sea  ice  and  how  are  these  mechamsms 
related  to  ice  properties.  It  was  felt  that  an  approach  could 
be  found  in  the  laboratory. 

The  Cold  Regions  Research  and  Engineering  Laboratory 
(CRREL)  Experiments  were  designed  to  confront  some  of 
the  difficulties  encountered  in  field  work  by  growing  sea  ice 
in  a  carefully  constrained,  laboratory  environment.  Micro- 
wave  experiments  were  conducted  imder  an  overarching 
set  of  principles  that  included:  a  uniform  ice  sheet  of  limited 
and  well-documented  physical  properties  could  be  grown 
and  maintained;  multiple  sensors  could  collect  data  simul¬ 
taneously  from  the  same  ice;  and  the  interpretation  of  all 
electromagnetic  observations  of  the  ice  with  the  measured 
ice  physical  properties  has  to  be  considered.  As  the  experi¬ 
ments  progressed,  it  also  became  apparent  that  two  more 
facets  needed  to  be  added  to  the  CRREL  Experiment 
(CRRELEX).  First,  data  relevant  to  a  range  of  electro¬ 
magnetic  models  (Chapter  10)  needed  to  be  collected.  Sec¬ 
ond,  time  series  data  needed  to  be  collected,  partly  because 
of  initial  observations  that  showed  measurable  changes  in 
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electrical  properties  at  every  stage  of  ice  development.  That  rarely  used  and  later  were  abandoned.  Paving  tiles  placed 
CRRELEX  could  document  this  evolution  is  viewed  as  one  aroimd  the  perimeter  of  the  pond  allowed  an  instrumented 
of  the  more  important  contributions  of  this  work.  gantry  to  be  moved  over  the  ice.  Later,  a  second,  concrete- 

lined  pond  10m  long,  10m  wide,  and  1  m  deep  was  outfitted 
9.2  Scope  with  an  instrument  shelter,  a  refurbished  movable  bridge, 

and  a  movable  roof.  Finally,  an  indoor  test  facility  used  to 
As  originally  conceived,  CRRELEX  was  designed  to  study  grow  a  sea  ice  simulant  from  an  urea  solution  and  a  small 
the  microwave  response  of  young  thin  (1 0  to  20  cm)  sea  ice  refngerated  pit  (8  x  5  x  1  m)  were  used  at  the  later  stages  of 
that  forms  on  open  leads.  Facifities  were  constructed  CRRELEX.  The  two  indoor  facilities  proved  to  be  extremely 
towards  this  objective  and  included  a  sahne-water-fiUed  valuable  in  achieving  the  controlled  environmental  condi- 
pond  fitted  with  a  plastic  finer  (Figure  9-1 ).  The  pond  was  tions  initially  set  forth  as  a  CRREL  objective.  However,  the 
12  m  long,  5  m  wide,  and  1  m  deep.  These  dimensions  were  enclosures  themselves  limited  the  observations  to  range- 
chosen  to  accommodate  the  planned  remote  sensing  instru-  gated  radar  measurements . 

ments.  For  example,  at  a  width  of  5  m,  negligible  antenna  Use  of  the  outdoor  facilities  placed  constraints  on  the 
beam  spillover  occurs  at  nadir  for  a  C-band  radiometer,  range  of  simulated  ice  properties  and  the  duration  over 
which  has  the  largest  footprint  of  the  remote  sensing  in-  which  any  one  ice  property  could  be  studied.  Thin  ice  could 
struments  used.  The  12  m  length  allowed  observations  at  be  grown  in  an  essentially  imdisturbed  fashion  for  periods 
incidence  angles  up  to  50°  and  provided  for  acquiring  of  several  days.  When  grown  xmder  quiescent  conditions, 
several  independent  samples  with  the  radars  used.  An  CRRELEX  ice  sheets  exhibited  physical  properties  similar 
enormous  tent  could  be  rolled  on  and  off  the  pond  to  protect  to  those  found  for  thin  Arctic  ice .  Depending  on  whether  the 
against  changes  in  weather.  Air-conditioning  units  were  ice  was  seeded  with  a  fine  spray  of  supercooled  water  or  was 
installed  inside  the  tent  to  preserve  the  ice  during  inevi-  left  imdisturbed  to  develop  spontaneously,  the  upper  centi- 
table  warm  temperature  periods ,  but  these  units  were  only  meter  of  the  ice  sheet  would  be  composed  of  smaller  or  larger 


Fig.  9-1.  T3rpical  experiment  arrangement  at  the  outdoor  facility  at  the  Cold  Regions  Research  and  Engineering 
Laboratory.  Pictured  from  the  left  are  five  single-frequency  radiometers,  the  Stepped  Frequency  Microwave  Radiom¬ 
eter,  and  a  cluster  of  radar  systems. 
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crystals  with  vertical  c-axes  [Gow,  1986].  A  transition  in  ice 
properties  occurred  at  a  1  to  2  cm  thickness.  At  that  point 
the  c-axes  reorient  toward  the  horizontal,  and  columnar 
organization  of  ice  crystals,  characteristic  of  Arctic 
congelation  ice,  becomes  dominant  (Figure  9-2). 

Congelation  ice  sheets  were  routinely  grown  during 
CRRELEX  with  maximum  thicknesses  ranging  from  about 
10  to  30  cm,  depending  on  the  experimental  requirements. 
In  each  case,  the  ice  was  closely  monitored  for  salinity, 
crystal  structure,  brine  pocket  distribution,  and,  as  pos¬ 
sible,  surface  roughness.  An  example  of  the  structural  and 
salinity  characteristics  of  an  ice  sheet  monitored  from 


initial  growth  to  decay  is  presented  in  Figure  9-3.  In  this 
particular  case,  ice  growth  was  initiated  in  January  1985, 
and  for  the  first  month  this  ice  sheet  exhibited  t5npical 
C-shaped  salinity  profiles,  Figure  9-4(a).  Subsequent  pool¬ 
ing  of  snow  melt  and  rain  on  top  of  the  ice  sheet  in  late 
February  to  early  March  1985  led  to  significant  downward 
percolation  of  the  water  and  concomitant  desalination  of 
the  ice  before  the  pooled  water  refroze  to  produce  the 
salinity  and  structural  characteristics  of  ice  depicted  in 
Figure  9-3.  At  this  stage,  the  ice  contained  few  brine 
inclusions  and  the  outlines  of  crystals  had  become  rounded, 
asituationsimilar  to  multiyear  Arctic  ice  [Gow  etal.,  1987]. 


Fig.  9-2.  The  ice  shown  in  these  vertical  and  horizontal  thin-section  photographs  and  salinity  profile  is  freshly 
grown  saline  ice  from  the  CRREL  test  pond.  Structurally,  this  ice  closely  simulates  young  Arctic  sea  ice.  Scale 
subdivisions  in  horizontal  sections  measure  1  mm. 
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Salinity  profiles  documenting  the  progressive  desalination 
of  the  J  anuary  to  March  1985  CRRELEX  saline  ice  sheet  are 
shown  in  Figure  9-4(b).  Desalinated  ice  was  also  produced 
by  cutting  a  pre-existing  ice  sheet  into  blocks  and  placing 
the  blocks  on  wooden  pallets.  The  blocks  were  allowed  to 
weather  and  desalinate  under  ambient  conditions.  At  the 
end  of  this  process,  the  blocks  were  overlain  on  a  second  ice 
sheet  growing  in  the  pond;  block  salinities  did  not  exceed 
0.35%o. 

Figure  9-5  documents  salinity,  temperature,  brine  vol¬ 
ume,  and  crystalline  structure  more  typical  of  10  to  15  cm 
thick  congelation  ice  sheets  grown  on  the  outdoor  ponds  at 


CRREL.  Temperatures  increase  hnearly  with  depth.  Brine 
volumes  are  nearly  constant  (about  3%)  in  the  upper  75%  of 
the  ice.  Below  that  level,  brine  volumes  increase  rapidly  in 
the  region  where  the  ice  develops  a  more  open  dendritic 
structure.  A  characteristic  C-shaped  salinity  profile  is 
foimd  in  this  ice  with  a  maximum  value  at  the  surface  of 
about  8%o  (averaged  over  three  cm)  and  a  minimum  of  5.4%o 
at  a  depth  of  10  cm.  Salinity  increases  below  10  cm  again 
because  of  the  structure  of  the  dendritic  layer.  The  horizontal 
distribution  of  brine  pockets  was  quantified  by  digitizing 
horizontal  thin  sections  taken  at  various  levels  through  the 
ice  sheet. 


Salinity,  % 

0  5 


Fig.  9-3.  Crystalline  structure  and  salinity  characteristics  of  ice  desalinating  in  the  CRREL  test  pond.  In 
this  example,  several  layers  of  melt  pond  ice  (A)  overlie  desalinated  columnar  saline  ice  (B).  Scale 
subdivisions  in  horizontal  sections  measure  1  mm. 
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(a)  Salinity,  % 


Fig,  9-4.  (a)  Salinity  profiles  at  different  stages  of  growth  of  sea  ice 
grown  in  an  outdoor  pond  at  CRUEL.  Profiles  closely  simulate 
those  foimd  in  Arctic  first-year  ice.  (b)  Transformation  from  a  new 
ice  to  desalinated  ice  salinity  profile  in  the  outdoor  pool  at  CRREL. 


With  additional  experimentation,  it  was  found  that  sev¬ 
eral  other  physical  properties  and  ice-growth  processes 
could  be  simulated  in  the  laboratory.  Varying  surface 
roughness  was  introduced  either  by  manually  raking  the  ice 
surface  or  by  spreading  a  layer  of  small  chunks  of  ice  on  the 
growing  ice  sheet.  In  a  few  instances,  larger  blocks  of  ice 
were  assembled  into  simulations  of  ridges.  Other  classes  of 
complementary  experiments  could  be  included  during  each 
CRRELEX,  and  high-frequency  acoustic  [Stanton  et  al., 
1986;  Jezek  et  al.,  1990]  and  optical  frequency  propagation 
measurements  were  often  conducted  simultaneously  with 
the  microwave  observations. 

Frazil  ice,  which  forms  in  turbulent  seas  and  has  a 
granular  texture,  was  simulated  in  three  different  ways. 
Snowfall  onto  the  surface  of  the  unfrozen  pool  produced  a 
slush  cover.  Frozen  slush  results  in  an  ice  cover  with 
salinity  and  structural  characteristics  very  similar  to  frazil 
ice.  Granular,  frazh-like  ice  sheets  up  to  8  cm  thick  were 
produced  in  this  manner.  The  second  method  for  producing 
frazil  ice  involved  a  submersible  pump  to  induce  frazil 
crystal  nucleation  in  the  pool  and  the  herding  of  crystals 
into  a  layer  up  to  4  cm  thick.  A  third  method  simulated  both 
frazil  production  and  the  agglomeration  of  frazil  platelets 
into  pancake  ice.  Here  a  wave  generator  consisting  of  a 
motor-driven  panel  was  positioned  at  one  end  of  the  pond. 
Turbulence  and  wave  action  converted  the  semiconsohdated 
frazil  ice  sheet  into  a  field  of  pancakes  with  pans  measuring 
20  to  30  cm  in  diameter  and  several  centimeters  thick.  The 
vertical  structure  of  a  t3q)ical  pancake  including  a  salinity 
profile  is  presented  in  Figure  9-6. 

Snow-covered  ice  was  studied  on  the  outdoor  ponds  and 
also  imder  more  controlled  conditions  in  the  indoor  pit. 
Analyses  of  snow-covered  ice  is  complicated  by  the  subtle 
modification  of  the  ice-snow  surface  when  thin  layers  of 
snow  are  applied.  A  snow  layer  is  absorbent  and,  over  time, 
tends  to  wick  surface  brine  up  into  the  snow  layer.  This 
process  seems  to  result  in  a  dielectric  roughening  of  the 
interface,  although  direct  measurements  of  the  amount  or 
degree  of  roughening  have  yet  to  be  made.  A  sufficient  snow 
load  will  depress  the  ice  surface  below  the  unloaded  free¬ 
board,  causing  the  surface  to  flood.  Flooding  was  studied  in 
the  laboratory  by  loading  a  slab  of  ice  with  snow  and  then 
cutting  the  slab  free  from  the  restraining  walls  of  the  tank. 

Finally,  it  is  worth  mentioning  that  frost  flowers  rou¬ 
tinely  developed  in  the  indoor  test  basin  and  cold  pit. 
Preliminary  radar  measurements  were  made  on  fresh¬ 
water  ice  sheets  completely  covered  by  frost  flowers  and  on 
urea  and  saline  ice  sheets  with  a  low  density  of  frost  flowers. 

As  mentioned,  many  of  the  early  CRRELEX’s  were  exer¬ 
cises  in  learning  about  the  ice.  As  each  experiment  was 
completed,  it  seemed  possible  to  more  clearly  articulate 
several  questions  that  drove  the  development  of  subsequent 
experiments: 

•  What  are  the  microwave  absorption  and  scattering 
coefficients  of  thin  sea  ice?  How  do  they  change  with 
time? 
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(a) 

SaJjnity,%« 


(b) 


Fig.  9-5.  Vertical  profiles  of  temperature  (T),  salinity  (S),  and  brine  volume  (Vu)  for  young  sea  ice.  The  vertical  thin  section  shows  that 
the  ice  structure  is  predominantly  columnar  with  a  thin  surface  layer  of  frazil.  Also  shown  are  horizontal  thin  sections  from  the  top, 
middle,  and  bottom  of  the  ice  sheet  with  corresponding  correlation  functions  [Perovich  and  Gow,  1991]. 


20  cm 


Salinity,  % 


4  cm 

Fig.  9-6.  Vertical  thin-section  structure  and  salinity  profiles  from  a  4  cm  thick  pancake  from  CKRELEX'90.  The  sequence  of  ice  textures 
from  top  to  bottom  of  the  pan  is  slush  ice  (s)  underlain  by  platey  frazil  ice  (f). 
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•  To  what  thickness  and  in  what  fashion  does  the  ice- 
water  interface  and  the  dendritic  layer  control  elec¬ 
tromagnetic  response  at  a  particular  frequency? 

•  How  important  are  the  shapes,  orientation,  density, 
and  distribution  of  brine  pockets  on  the  microwave 
response? 

•  Given  that  different  classes  of  surface  roughness  are 
associated  with  different  ice  formation  scenarios, 
which  are  the  most  important  roughness  classes; 
which  classes  dominate  over,  are  equivalent  to,  or  are 
less  than  volume  scatter  effects?  Does  the  sequence 
of  steps  in  the  development  and  destruction  of  par¬ 
ticular  morphologies  (e.g.,  frost  flowers)  result  in  a 
characteristic  sequence  of  microwave  responses? 

•  Does  snow  play  a  role  in  coupling  electromagnetic 
energy  between  the  air,  snow,  and  ice?  Is  the  modi- 
flcation  of  the  ice  surface  due  to  the  presence  of  thin 
snow  an  important  effect?  What  happens  to  electro¬ 
magnetic  signatures  when  snow  is  sufficiently  thick 
to  cause  flooding? 

•  Do  thin  ice,  snow-covered  ice,  deformed  ice,  and 
ridges  display  azimuthal  electromagnetic  response? 
If  so,  why? 

•  How  and  why  do  signatures  change  when  thin  ice 
warms  and  desalinates  and  how  is  this  related  to  the 
changing  internal  structure  of  the  ice? 

9.3  Growth  Phase  OF  Thin  Saline  Ice 

Microwave  backscatter,  transmission,  and  brightness 
temperature  measurements  were  made  by  the  CRRELEX 
team  on  sahne  ice  during  the  winters  from  1984  to  1989. 
Results  from  all  measurements  on  xmdeformed  congelation 
ice  are  similar.  Results  of  representative  experiments  from 
this  period  are  used  to  illustrate  the  range  of  measured 
responses. 

Figure  9-7  shows  the  variation  with  time  of  the  backscat¬ 
ter  coefficient  at  5.3  GHz  as  the  surface  evolves  from  open 
water  to  grey  ice  (14.5  cm  thick)  [Gogineni  et  al.,  1990]. 


Ice  Thickness,  cm 

Fig.  9-7.  Effects  of  ice  growth  on  vertical  polarization  a®  at  5,3  GHz. 


Vertically  polarized  data  from  1 984  are  shown  at  20''  and  30° 
angles  of  incidence.  For  ice  thicknesses  greater  than  3  cm, 
the  scattering  coefficients  remained  nearly  constant,  and 
possibly  decreased  when  the  ice  thickness  exceeded  12  cm. 
A  more  complicated  response  was  observed  for  very  thin  ice 
during  the  transition  from  horizontal  to  vertical  crystallo¬ 
graphic  orientation.  The  scattering  coefficient  increased 
immediately  subsequent  to  ice  formation,  reached  a  maxi¬ 
mum  value  at  about  1  cm  thickness,  and  then  decreased, 
reaching  a  stable  value  after  about  2  cm  of  growth.  A  similar 
behavior  has  been  observed  for  measurements  performed  at 
13.9  GHz  on  an  ice  sheet  growing  from  an  urea  solution  in 
the  laboratory.  Two  mechanisms  may  contribute  to  the  thin 
ice  response:  a  high  stuface  dielectric  constant  and  surface 
roughening  (e.g.,  frost  flowers).  Frost  flowers  or  other 
macroscopic  surface  phenomena  were  not  observed  during 
the  experiment.  Although  surface  roughness  changes  cannot 
be  ruled  out  on  the  basis  of  available  observations,  it  seems 
more  probable  that  a  high  dielectric  constant  explains  the 
data.  During  initial  ice  growth,  brine  is  expelled  onto  the  ice 
surface  and  surface  salinities  as  large  as  70%o  have  been 
reported  [A.  Kovacs,  personal  communication,  CRREL, 
Hanover,  New  Hampshire,  1988]. 

Figures  9-8,  9-9,  9-10,  and  9-11  show  both  the  changing 
microwave  signatures  and  the  changing  physical  properties 
of  the  ice  sheet  for  the  1985  experiments  [Onstott,  1991]. 
Data  were  obtained  at  several  frequencies  and  are  shown  at 
both  like  polarizations  and  at  0°  and  40®  angles  of  incidence. 
Two  responses  from  open  water  were  measured:  at  the 
beginning  of  the  growth  cycle  with  small  ripples  present 
and  a  rippleless  case  at  the  end  of  the  growth  cycle.  Both 
open  water  points  appear  at  the  beginning  of  the  time 
series. 

In  this  experiment,  at  an  oblique  incidence  angle  (Fig¬ 
ure  9-8),  there  is  no  evidence  of  a  rise  or  fall  in  the  thin  ice 
backscatter  response,  though  there  is  a  weak  suggestion  of 


Observation  Number 

Fig.  9-8.  The  time  series  response  of  the  backscatter  coefficient  at 
5.0  GHz  during  the  evolution  of  open  water  to  new  ice  at  nadir  and 
40®(WandHH). 
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Observation  Number 

Fig.  9-9.  Ice  thickness,  air  temperature,  ice  temperature,  and  bulk 
salinity  during  the  evolution  of  open  water  to  new  ice. 
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Observation  Number 

Fig.  9-10.  The  time  series  response  of  backscatter  at  vertical 
incidence  during  the  evolution  from  open  water  to  new  ice  shown  as 
a  function  of  frequency  from  5.0  to  16.6  GHz. 


that  phenomenon  at  normal  incidence  angles  (Figure  9-1 0). 
The  backscatter  is  relatively  constant  (a  slope  of  0.05  with 
a  mean  square  error  of  0.4  dB)  in  the  ice  thickness  range 
from  0  to  2  cm.  Immediately  subsequent  to  formation,  the 
ice  was  very  smooth  visually,  and  measurements  made 
later  in  the  experiment  indicated  roughnesses  of  0.05  cm 
root  mean  square  (rms)  with  typical  correlation  lengths  of 
1  to  2  cm.  The  magnitude  of  the  complex  dielectric  constant 
calculated  from  the  scattering  coefficient  at  nadir  and  at 
5  GHz  is  (assuming  a  smooth  surface)  42  ±9  (Figure  9-11). 
This  high  value  for  the  dielectric  constant  is  consistent  with 
the  inferences  made  from  the  data  in  Figure  9-7. 

Near-surface  ice  temperatures  and  bulk  sahnities  de¬ 
creased  as  the  ice  thickened.  A  change  in  both  ice  physical 


Observation  Number 

Fig.  9-11 .  The  magnitude  of  the  complex  dielectric  constant  I  e^*  1 
(a)  as  derived  from  the  measurement  of  reflectivity  and  (b)  by 
prediction. 


properties  and  microwave  properties  is  evident  at  about 
OB5.  The  crystallographic  orientation  and  growth  process 
has  imdergone  a  transformation  at  this  point.  Evidently, 
the  change  in  bvQk  properties  and  processes  is  driving  a 
change  in  the  electromagnetic  response. 

Even  under  relatively  controlled  conditions,  the  ice  sheet 
surface  will  undergo  a  metamorphosis  with  time.  Single 
snow  particles  blown  onto  the  ice  sheet  (OB8-OB11)  in¬ 
crease  the  roughness  of  new  ice  by  creating  an  “orange  peer 
surface.  Onstott  [1991]  observed  that  when  snow  particles 
are  deposited  onto  new  ice,  brine  is  wicked  from  the  ice  layer 
and  deposited  about  the  snow  particles.  The  particles  melt, 
dilute  the  brine  solution,  and  then  refreeze.  This  process 
creates  small  roughness  elements  that  modify  the  backseat- 
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ter  response.  Bredow  [1991]  also  investigated  the  relative 
contributions  of  volume  scattering  from  brine  pockets  and 
scattering  from  the  surface  of  thin  saline  ice.  Modeled  and 
predicted  variations  of  X-band  backscatter  strength  with 
incidence  angle  agreed  well  with  a  Kirchoff  scattering 
model.  Bredow  also  compared  the  measured  radar  pulse 
shape  with  simulations  and  foimd  that  the  pulse  shapes 
were  primarily  governed  by  surface  scatter  along  with  a 
weak  volume  scatter  component  that  caused  a  slight  broad¬ 
ening  of  the  received  pulse.  At  C-band,  Bredow  foxmd  that 
volume  and  surface  scattering  contribute  about  equally  to 
the  ice  signature,  presumably  because  of  increasing  pen¬ 
etration  depth. 

Linearly  polarized  radiometers  operating  at  10, 18,  37, 
and  90  GHz  were  used  to  observe  the  changing  brightness 
temperature  during  the  growth  phase  of  thin  ice.  The 
variation  in  ice  emissivity  versus  thickness  during  the 
growth  phase  is  shown  in  Figure  9-12  for  frequencies  of  18, 
37,  and  90  GHz.  The  signature  is  characterized  by  a  rapid 
increase  in  emissivity  with  increasing  ice  thickness  up  to  a 
saturation  level.  Similar  results  at  10,18,37,  and  90  GHz, 
vertical  polarization  and  50°  incidence  angle,  are  reported 
by  Grenfell  and  Comiso  [1986].  They  show  that  emissivity 
increased  from  0.525  to  0.95  at  10  GHz  during  the  initial 
50  mm  of  growth.  They  also  found  that  emissivity  at  higher 
frequencies  increased  more  rapidly  with  increasing  ice 
thickness. 

Results  of  concurrent  radiometer  measurements  taken  at 
C-band  are  shown  in  Figures  9-13  and  9-14.  As  expected, 
the  emissivity  at  C-band  saturates  at  substantially  thicker 
ice  than  would  be  the  case  for  higher  frequencies.  As 
discussed  in  the  next  section,  the  general  shape  of  the  curve 


Fig.  9-12.  Ice  emissivity  versus  thickness  for  18-,  37-,  and  90-GHz 
vertical  polarizations  during  initial  growth  of  congelation  ice 
[Grenfell  et  al.,  1988]. 


is  as  would  be  predicted  by  a  model  that  only  allows  for  the 
incoherent  addition  of  energy  propagating  through  the  ice. 
However,  the  excursion  observed  during  the  initial  growth 
phase  is  undoubtedly  a  coherent  effect  associated  with  the 
first  half  of  an  interference  fringe.  Figure  9-14  demon¬ 
strates  that  a  change  in  wavelength  influences  the  period¬ 
icity  of  the  first  minimum. 

Grenfell  and  Comiso  [1986]  compare  the  degree  of  polar¬ 
ization  P  (defined  as  the  ratio  of  the  difference  between  the 


Fig,  9-13,  Brightness  temperature  versus  thickness  dtiring  initial 
growth  at  two  C-band  frequencies  and  horizontal  polarization. 
These  observations  cover  the  same  ice  sheet  as  in  Figure  9-12 
[Grenfell  et  al.,  1988]. 


versus  thickness  at  the  six  C-band  frequencies  of  the  Stepped 
Frequency  Microwave  Radiometer.  The  measurements  were  taken 
at  horizontal  polarization  and  a  35°  incidence  angle.  Data  from 
Figure  9-13  are  included  here  without  the  associated  uncertainty 
bars. 
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two  linear  polarizations  divided  by  their  sum  at  a  single 
frequency),  during  the  early  growth  stages.  Polarization 
decreased  by  about  60%  at  18  GHz  as  the  ice  grew  to  a 
thickness  of  about  20  to  25  mm — somewhat  less  than  was 
required  for  the  emissivity  to  reach  a  comparable  satura¬ 
tion  level. 

Arcone  et  al.  [1986]  discussed  a  series  of  transmission 
measurements  on  ice  samples  extracted  from  the  CRREL 
pond,  as  well  as  in-situ  observations  acquired  by  placing 
antennas  above  the  slab  and  in  the  water  below  the  ice  slab. 
Data  were  evaluated  to  estimate  real  and  imaginary  parts 
of  the  dielectric  constant.  Each  experiment  required  that 
the  ice  maintain  mechanical  integrity  and  hence  the  mini¬ 
mum  ice  thickness  sampled  was  about  7  cm,  for  which  a 
well-ordered  columnar  structure  was  established.  Slabs 
removed  from  the  pond  to  a  refrigerated  laboratory  were 
subjected  to  cyclic  cooling  and  warming. 

Loss  was  measured  in  situ  at  4.5, 4.8,  8.9,  9.0,  9.15,  and 
10  GHz  and  was  found  to  vary  between  4.1  and  8.7  dB/cm. 
Higher  loss  rates  were  associated  with  higher  frequencies. 
The  highest  loss  rates  were  also  associated  with  the  thin¬ 
nest  ice.  Such  ice  would  be  relatively  warm  and  hence 
would  have  the  highest  brine  volume  fraction.  Arcone  et  al. 
[1986]  reported  real  permittivities  for  samples  removed 
from  the  pond.  Values  ranged  from  a  maximum  of  about  4.5 
for  a  slab  temperature  of -4®C  to  about  3.2  for  cold  slabs. 
The  authors  modeled  the  permittivity  of  high  sahnity  thin 
ice  and  concluded  that  the  real  part  varied  from  about  10  to 
about  4  for  the  temperature  range  -2®  to  — 10®C  in  the 
frequency  range  4.8  to  9.5  GHz,  In  general,  Arcone  et  al. 
found  that  both  the  real  and  imaginary  parts  varied  linearly 
with  brine  volume. 

9.3.1  Thin  Ice  Data  Interpretation 

Variations  in  radar  backscatter  and  microwave  emission 
data  during  thin  ice  growth  seem  to  be  associated  with  a 
transition  in  ice  physical  properties.  The  onset  of  freezing 
is  characterized  by  the  formation  of  a  thin  skim  of  ice  that 
quickly  evolves  into  a  complex  of  stellar  crystals.  The 
optical  axis  of  these  ice  crystals  is  horizontal,  their  crystal¬ 
line  texture  looks  granular  in  vertical  cross  section,  and 
brine  is  expelled  onto  the  ice  surface.  This  upper,  transitional 
layer  of  thin  ice  tends  to  be  brine-free  and  bubble-free.  After 
1  or  2  cm  of  growth,  a  columnar  structure  develops  wherein 
brine  is  expelled  downward  or  is  trapped  within  isolated 
pockets. 

These  evolving  ice  processes  force  progressive  changes 
in  the  ice  sheet’s  electrical  properties.  In  particular.  Fig¬ 
ure  9-11  shows  that  very  new  sea  ice  has  a  dielectric 
constant  much  smaller  (about  75%)  than  that  of  open  water. 
Between  thicknesses  of  1  and  2  cm,  the  dielectric  constant 
reaches  a  maximum  value.  Consequently,  the  backscatter 
response  at  normal  incidence  increases  with  the  largest 
changes  at  higher  frequencies  (Figure  9-10).  These  radar 
observations  are  consistent  with  the  facts  that:  brine  is 
gradually  being  expelled  to  the  surface  as  the  freezing 
process  progresses;  brine  accumulation  peaks  (in  this  study 


at  1  cm  ice  thickness);  and  a  large  percentage  change  in  the 
dielectric  constant  occurs. 

At  2  cm  thickness  (OB5),  Figure  9-8,  backscatter  re¬ 
sponse  for  VV-40  decreased  significantly  while  the  back¬ 
scatter  at  nadir  remained  within  about  1  dB.  This  indicates 
that  multiple  processes  were  at  work.  The  nadir  response 
at  5  GHz  directly  tracked  the  change  in  dielectric  constant, 
while  the  responses  at  oblique  incidence  were  sensitive  to 
both  the  change  in  dielectric  constant  and  changes  in 
surface  roughness  statistics. 

After  the  ice  is  about  2  cm  thick,  growth  proceeds  by  the 
accretion  of  ice  to  the  base  of  columnar  crystals.  Based  on 
the  normal  incidence  backscatter  data,  the  magnitude  of 
the  dielectric  constant  after  columnar  growth  is  initiated 
was  about  7  (OB6  in  Figure  9-11)  and  reached  a  minimum 
about  6  hours  later  [Onstott,  1991].  The  surface  roughness 
at  this  point  was  0.05  cm  rms  and  the  ice  surface  tempera¬ 
ture  had  cooled  to  -4®C.  By  accounting  for  the  change  in  the 
dielectric  constant  between  the  transitional  ice  growth 
phase  and  columnar  growth,  the  roughness  for  the  initial 
sMm  was  determined  to  be  about  0.065  cm  rms.  This 
estimate  was  based  on  predictions  using  the  small  pertur¬ 
bation  model. 

As  ice  growth  continues,  ice  nearest  the  surface  cools  and 
the  surface  brine  layer  dissipates.  The  thickening  layer  of 
highly  emissive  ice  shields  the  radiometrically  colder  wa¬ 
ter.  This  causes  brightness  temperatures  to  elevate  at  a 
rate  proportional  to  their  frequency.  Dissipation  of  the  thin, 
highly  concentrated  brine  layer  at  the  surface  of  the  ice 
sheet  will  result  in  an  additional  emissivity  increase.  Also, 
as  Arcone  et  al.  [1986]  pointed  out,  lower  temperatures 
decrease  the  bulk  dielectric  constant,  which  in  turn  causes 
a  decrease  in  the  backscatter  response.  Figure  9-1 0  reveals 
a  7.5-dB  reduction  in  backscatter  (5.0  GHz  and  W)  between 
ice  0  to  1  cm  thick  and  ice  4  to  7  cm  thick. 

To  examine  the  frequency  dependence  during  the  transi¬ 
tion  to  a  columnar  ice  structure,  the  average  value  of  the 
dielectric  constant  for  OBI  through  OB5  and  the  minimum 
value  measured  immediately  at  the  beginning  of  columnar 
growth  are  used.  Figure  9-1 1(a).  Associated  changes  in 
backscatter  are  5,  3,  2,  and  2  dB  at  5.0,  9.6,  13.6,  and 
16.6  GHz,  respectively.  Since  coohngis  a  top-down  process, 
changes  at  higher  frequencies  are  expected  to  occur  first. 
This  is  verified  by  correlating  the  physical  observations  in 
Figure  9-9  with  the  reflectivity  response  at  ice  thicknesses 
between  0  and  2  cm.  The  time  at  which  the  drop  in  dielectric 
constant  occurs  is  frequency  dependent.  This  level  was 
reached  at  a  thickness  of  5  cm  (OB6)  for  5.0  and  9.6  GHz, 
and  2  cm  (OB5)  for  13.6  and  16.6  GHz.  This  trend  further 
illustrates  that  the  magnitude  of  the  backscatter  response 
is  driven  by  the  dielectric  constant  and  that  an  effective 
bulk  dielectric  constant  is  determined  by  penetration  depth, 
both  of  which  are  frequency  dependent. 

A  modified  version  of  a  model  developed  by  Kovacs  et  al. 
[1986]  was  used  to  predict  dielectric  profiles  so  that  pen¬ 
etration  depths  and  bulk  dielectric  constants  could  be 
calculated  at  each  frequency.  For  comparison,  these  results 
are  included  in  Figure  9-1 1(b).  The  C-shaped  salinity 
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profile  further  modulated  the  effective  dielectric  constant, 
especially  at  high  frequencies,  because  of  an  increase  in 
the  brine  volume  in  the  uppermost  portion  of  the  ice 
sheet.  Examination  of  the  penetration  depths  provided  in 
Table  9-1  shows  that  the  backscatter  response  at  5.0  GHz 
was  influenced  by  the  entire  dielectric  layer  for  thicknesses 
from  0  to  2  cm.  In  contrast,  at  16.6  GHz,  the  top  0.5  cm  sets 
the  absolute  level  of  the  backscatter  response. 

New  ice  grown  under  very  calm  conditions  has  a  very 
smooth  ice-air  interface;  however,  the  surface  may  become 
shghtly  roughened  with  the  deposition  of  single  snow  crys¬ 
tals.  This  observation  and  Bredow’s  [1991]  result  at  C-band 
that  volume  and  surface  scattering  contribute  about  equally 
to  the  ice  signature  for  very  smooth  ice  argue  that  backscatter 
data  at  C-band  and  higher  frequencies  provide  information 
about  the  upper  layers  of  the  ice.  Radiometric  results 
presented  in  Figures  9-12,  9-13,  and  9-14  argue  that  at 
C-band  frequencies  and  lower,  brightness  temperature  data 
represent  an  integration  of  effects  distributed  throughout 
the  thin  ice  sheet.  In  particular.  Figure  9-14  shows  an 
oscillatory  dependence  of  brightness  temperature  of  young 
sea  ice  with  frequency  and  ice  thickness.  This  dependence 
indicates  that  microwave  emission  from  young  sea  ice  also 
includes  a  coherent  process. 

Apinis  and  Peake  [1976]  derive  an  expression  for  coher¬ 
ent  emission  from  a  slab: 


(1  +  2iArir^j  cos  2B/) 

where  r  is  the  composite  power  reflection  coefficient 

ri  is  the  power  reflection  coefficient  at  the  air-ice 
interface 

Ty;  is  the  power  reflection  coefficient  at  the  ice- 
water  interface 
A  =  exp(^a^) 

a  is  the  attenuation  coefficient  in  ice 
B  is  the  phase  constant  in  ice 
£  is  the  radiation  path  length 

This  expression  shows  that  the  emissivity  is  a  damped, 
periodic  function  of  ice  thickness.  Of  course,  interface 
roughness  will  destroy  coherence  and,  if  the  surface  is 
sufficiently  rough,  the  average  emissivity  is  given  by 

TABLE  9-1.  Predicted  penetration  depths  for  sea  ice  with  thick¬ 
nesses  from  1  to  8  cm  [Onstott,  1991]. 


Ice  thickness, 

cm 

Penetration  depth,  cm,  for  given  frequencies 

5.25  GHz 

9.6  GHz 

13.6  GHz 

16.6  GHz 

1 

>1 

0.8 

0.5 

0.4 

2 

2.0 

1.0 

0.7 

0.5 

4 

3.3 

1.6 

1.0 

0.8 

8 

3.7 

1.6 

1.0 

0.8 

/£)  :r  (2) 

(1  -Ar/r^) 

This  very  simple  expression  depends  only  on  the  reflection 
coefficients  at  the  two  interfaces  and  the  product  of  the 
attenuation  coefficient  and  path  length.  Therefore,  if  the 
bulk  electrical  properties  are  known,  the  total  incoherent 
emissivity  is  a  function  only  of  the  slab’s  mean  thickness. 
The  monotonic  increase  in  emissivity  predicted  by  Equa¬ 
tion  (2 )  is  supported  by  data  for  ice  with  significant  surface 
roughness  [Swift  et  al.  ,1986].  (Equation  (2)  does  not  reduce 
to  the  proper  value  for  zero  slab  thickness.  An  empirical 
equation  has  been  introduced  by  Swift  et  al.  [1986]  to 
correct  this  hmitation.) 

Variations  in  emissivity  shown  in  Figures  9-12  and  9-14 
can  be  understood  in  terms  of  incoherent  and  coherent 
processes.  The  signatures  in  Figure  9-12  are  characterized 
by  rapid  increases  in  emissivity  with  increasing  ice  thick¬ 
ness  up  to  a  saturation  level — this  is  the  functional  form 
predicted  by  the  incoherent  propagation  model.  The  fre¬ 
quency,  ice  thickness,  and  ice  extinction  coefficients  will 
determine  when  the  saturation  level  will  be  reached.  To 
show  this  relationship  more  clearly,  the  attenuation  coeffi¬ 
cient,  A,  can  be  expressed  as 

(3) 

where  n,*  is  the  imaginary  part  of  the  refraction  index  of  sea 
ice.  Because  nj  is  expected  to  be  reasonably  constant  over 
the  microwave  band  of  frequencies,  Equation  (3)  shows 
that  the  attenuation  increases  as  the  frequency  of  observa¬ 
tion  increases.  This  result  agrees  with  the  data  trends  in 
Figure  9-12,  which  indicate  that  for  a  given  ice  thickness, 
the  emission  from  the  underlying  water  decreases  as  the 
operating  frequency  increases. 

The  results  of  concurrent  measurements  taken  at  C-band 
are  shown  in  Figure  9-14.  Since  the  C-band  wavelength  is 
much  larger,  saturation  is  reached  at  substantially  thicker 
ice.  This  signature  is  very  similar  to  that  predicted  by  the 
incoherent  model,  except  for  the  excursion  noted  during  the 
initial  growth  phase.  This  is  undoubtedly  a  coherent  effect 
associated  with  the  first  half-wave  interference  fringe.  The 
interference  patterns  at  4.63  and  7.20  GHz  are  distinct. 
From  Equation  (1 ),  we  expect  to  observe  a  maximum  when 
l/^i  =  0.25  and  a  first  minima  at  l/Aj  =  0.5. 

Because  the  ice  thickness  was  frequently  measured,  the 
data  can  be  used  to  solve  for  the  average  dielectric  constant 
of  the  ice  layers.  St.  Germain  and  coworkers  [St.  Germain, 
K  M.,  C.  T.  Swift,  and  T.  C.  Grenfell,  Determination  of 
dielectric  constant  of  young  sea  ice  using  microwave  spec¬ 
tral  radiometry,  submitted  to  the  Journal  of  Geophysical 
Research'\  derived  a  relationship  between  the  real  part  of 
the  dielectric  permittivity  and  ice  thickness  given  by 
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Table  9-2  presents  a  listing  of  thicknesses  that  corre¬ 
spond  to  the  first  and  second  quarter-wave  interference 
fringes.  Using  data  from  Table  9-2  along  with  Equation  (4) 
allows  one  to  solve  for  the  dielectric  constant  of  ice.  Results 
are  presented  in  Figure  9-15,  where  a  linear  regression  has 
been  plotted  through  the  data  points.  This  figure  shows 
that  the  dielectric  constant  of  ice  during  the  first  centimeter 
of  growth  is  approximately  three  times  larger  than  results 
quoted  for  thick  first-year  ice,  which  is  consistent  with 
results  reported  above.  St.  Germain  and  coworkers  evalu¬ 
ated  the  fi-equency  dependence  of  the  dielectric  constant 
and  foimd  that  is  equal  to  about  0.038  (e  =  0.215). 


TABLE  9-2.  Mean  ice  thicknesses  measured  at  the  first  maximum 
d/X  =  0.25  and  the  first  minimum  d/X-  0.50  in  the  time  series 
brightness  temperature  data  for  each  frequency. 


Frequency, 

GHz 

do  id  =  yAi 

mm 

do[d  =  X/2], 
mm 

4,63 

5.0 

10.5 

5.05 

4.5 

10.0 

5.91 

4.0 

9.0 

6.33 

4.0 

8.0 

6.76 

3.5 

7.5 

7.20 

3.0 

7.0 

Ice  Thickness,  mm 

Fig.  9-15.  Calculated  dielectric  constant  as  a  hinction  of  the  ice 
thickness. 


9.4  Urea  Ice 

Urea  ice  is  structurally  identical  to  saline  ice  [Gow,  1984]. 
Under  calm  conditions  it  develops  a  columnar  structure 
characterized  by  thin  plates  of  pure  ice  that  separate  verti¬ 
cal  planes  of  pockets  filled  with  urea  solution.  Because  urea 
is  a  covalent  molecule,  an  urea  solution  is  less  conductive 
than  brine.  Nevertheless,  at  frequencies  above  10  GHz  and 
at  temperatures  near  0®C,  the  imaginary  parts  of  the 
dielectric  constant  of  saline  water  and  even  fresh  water  are 
identical  [Ulaby  et  al.,  1982,  p.  2023].  The  real  part  of  the 
dielectric  constant  of  saline  water  is  a  few  percent  less  than 
that  for  fi*esh  water.  The  complex  permittivity  of  both  fresh 
and  saline  water  is  strongly  frequency  dependent  over  1  to 
100  GHz. 

Radar  backscatter  measurements  of  urea  ice  were  ac¬ 
quired  because  m*ea  is  noncorrosive  and,  hence,  large 
quantities  can  be  easily  managed  in  an  indoor  facility.  Data 
were  collected  with  13.9  and  35  GHz  polarimetric 
scatterometers  during  the  growth  and  evolution  of  several 
urea  ice  sheets. 

Normalized  radar  cross  sections  of  smooth  urea  ice  at 
different  angles  of  incidence  greater  than  20°  and  at  like 
and  cross  polarizations  are  shown  in  Figure  9-1 6  at  35  GHz. 
Figure  9-17  shows  like-polarization  cross  sections  at 
1 3.9  GHz  corrected  for  antenna  beamwidth  effects  for  both 
smooth  urea  ice  and  saline  ice.  Both  figures  show  a  strong, 
exponential  decrease  in  cross  section  with  increasing  inci¬ 
dence  angle  although  there  is  almost  a  20  dB  difference 


-10  T 


urea  ice  at  35  GHz  [Colom,  1991], 
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Figure  9-1 7.  Beam  width  corrected  backscatter  coefficients  for  two 
saline  ice  sheets  and  Ein  urea  ice  sheet.  One  of  the  saline  sheets  and 
the  urea  ice  sheet  were  grown  indoors.  The  second  saline  sheet  was 
grown  on  an  outdoor  pond. 

between  the  13.9  and  35  GHz  data  at  large  angles  at  like 
polarization.  Also  at  larger  angles,  the  13.9  GHz  urea  ice 
data  2ire  about  1 0  dB  lower  than  those  for  saline  ice,  possibly 
because  of  the  difference  in  dielectric  constant  between  the 
two  materials.  Because  the  ice  was  smooth  and  there  was 
no  distinction  between  the  HH-  and  W-polauization  compo¬ 
nents,  any  residual  power  at  13.9  GHz  is  attributable  to 
volume  scattering.  The  low  power  levels  at  large  incidence 
angles  indicate  that  the  inclusions  must  be  small  compared 
to  a  wavelength. 

An  experiment  was  conducted  to  discriminate  between 
surface  and  volume  scattering.  A  smooth  sheet  of  urea  ice 
was  grown  indoors  until  it  was  30.5  cm  thick.  The  surface 
was  smooth  enough  so  that  surface  scattering  was  negli¬ 
gible.  The  temperature  of  the  room  was  slowly  raised  over 
a  period  of  48  hours  to  observe  any  change  in  the  resultant 
backscatter.  It  was  anticipated  that  any  changes  could  be 
primarily  attributed  to  volume  scattering.  Figure  9-1 8(a) 
shows  the  results  of  this  experiment  at  35°  and  45°  of 
incidence  where  o  was  plotted  versus  ice  temperature.  The 
trends  shown  are  also  consistent  for  each  of  the  four  polar¬ 
izations  plotted  in  Figure  9-1 8(b).  As  expected,  a  is  lower  for 
a  larger  incidence  angle.  The  value  of  a  is  also  low  for  the 
smooth  ice  at  temperatmes  of  approximately  -9°  and  -8°C. 
The  value  of  a  increases  slowly  imtil  it  reaches  a  maximum 
around  -1  °C  and  then  drops  off.  During  the  experiment,  air 
bubbles  2  to  5  mm  wide  were  observed  near  the  siirface 
for  a  temperature  range  of  -2°  to  0°C.  Bubbles  formed 
because  pockets  of  urea  solution  drained,  leaving  cavities 
partially  or  completely  filled  with  air.  The  ice  sheets  free  of 


Ice  Temperature,  °C 

Fig.  9-18.  Normalized  radar  cross  section  (0°)  versus  ice  tem¬ 
perature  at  (a)  35°  and  45°,  and  (b)  polarimetric  cross  sections  at  45° 
[Colom,  1991]. 

an  urea  solution  present  low  loss  to  the  microwave  signal, 
scattering  more  energy  and  explaining  the  maximum  at 
about  -1°C.  Eventually,  water  filled  the  air  pockets  and 
covered  the  ice  sheet,  masking  the  scatterers  located  below 
the  surface.  Indeed,  the  scattered  signal  decreased  consid¬ 
erably  at  0°C. 
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9.5  Desalinated  Ice 


TABLE  9“3.  Ice  surface  and  internal  characteristics. 


Ice  sheets  were  left  in  place  on  the  outdoor  pond  at 
CRREL  for  up  to  several  months.  One  ice  sheet,  grown  in 
January  1988,  grew  to  a  thickness  of  16  cm,  at  which  point 
ice  cubes  were  distributed  on  the  surface  to  simulate  rough¬ 
ness.  The  ice  sheet  was  left  undisturbed  imtil  late  January 
when  unseasonably  warm  air  temperatures  caused  the 
surface  to  melt.  Fresh  water  so  formed  flushed  much  of  the 
brine  from  the  ice  sheet.  Periods  of  growth  and  melt 
followed  until  late  February,  when  the  ice  was  about  31  cm 
thick.  The  salinity  of  the  ice  in  the  top  5  cm  of  the  ice  sheet 
was  less  than  0.5%o.  The  density  in  the  top  10  cm  of  the  ice 
was  about  0.89  mg/m^. 

Measurements  were  made  in  1989  on  the  desalinated  ice 
blocks  as  mentioned  in  Section  9.2  [Gk)gineni,  S.  P.,  J.  W. 
Bredow,  A.  J.  Gow,  T.  C.  Grenfell,  and  K.  C.  Jezek,  Micro- 
wave  measurements  over  desalinated  ice  under  quEisi- 
laboratory  conditions,  submitted  to  IEEE  Transactions  on 
Geoscience  and  Remote  Sensing,  1992].  Salinities  in  the 
upper  5  cm  were  less  than  1 .0%o  with  densities  in  the  upper 
10  cm  varying  between  0.84  and  0.87  mg/m^.  Ice  charac¬ 
teristics  from  both  the  1988  and  1989  experiments  appear 
in  Table  9-3. 


Fig.  9-19.  For  desalinated  ice  blocks  studied  during  CRRELiEX’89: 
(a)  surface  profiles,  and  (b)  computed  autocorrelations  and  mini- 
mum-mean-square-exponential  fits. 


Year 

RMS  height, 
cm 

Standard  deviation, 
cm 

Correlation 
length,  cm 

1988 

0,18 

0.07 

2.5 

1989 

0.08 

0.15 

3.3 

Year 

Bubble  size, 
mm 

Correlation  length, 
mm 

Bulk  density 

1988 

0.5 

— 

— 

1989 

0.45 

1. 5-2.0 

0.844 

Radius,  mm 

Fig.  9-20.  Air-bubble  size  distribution  from  the  (a)  top,  (b)  middle, 
and  (c)  bottom  of  a  block  of  desalinated  ice  studied  during 
CRRELEX^89. 
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Figure  9-1 9(a)  shows  a  typical  surface  roughness  profile 
obtained  using  a  contour  gauge.  The  corresponding 
autocorrelation  function  is  shown  in  Figure  9-1 9(b).  Bubble 
size  and  distribution  were  determined  fi:om  photographs  of 
vertical  and  horizontal  thin  sections  taken  from  the  desali¬ 
nated  blocks.  Bubbles  were  highlighted  and  the  images 
digitized.  Figure  9-20  shows  a  typical  bubble  distribution 
obtained  from  the  desalinated  ice. 

Figure  9-21  shows  the  results  of  radar  backscatter  mea¬ 
surements  made  on  the  desalinated  ice  at  C-band.  The  bars 
represent  the  total  uncertainty  in  the  scattering  coefficient 
estimate  resulting  from  random  and  systematic  errors.  The 
upper  curve  is  the  maximum  value  of  o  obtained  by  in¬ 
creasing  the  rms  height  by  one  standard  deviation  and 
reducing  the  correlation  length  by  one  standaird  deviation. 
The  minimum  values  of  o,  represented  by  the  lower  dashed 
ciuwe,  were  determined  by  decreasing  the  rms  height  by  one 
standard  deviation  and  increasing  the  correlation  length 
by  one  standard  deviation.  The  decay  of  o  with  incidence 
angle  is  similar  to  that  observed  on  saline  ice.  This  decay 
indicates  that  surface  scattering  is  the  dominant  source 
of  scattering.  To  confirm  this,  data  were  collected  over  a 
24-hour  period  to  determine  the  temperature  dependence  of 
the  scattering  coefficient  (Figure  9-22).  At  X-band,  scatter¬ 
ing  from  the  ice  sheet  decreased  by  more  than  10  dB  when 
the  ice  temperature  increased  from  about  -5°  to  -3®C. 
There  was  negligible  change  at  C-band.  The  decrease  in 
scattering  at  X-band  can  be  attributed  to  the  presence  of 
moisture  on  the  surface,  which  reduced  the  volume  contri¬ 
bution.  However,  because  we  did  not  observe  a  corresponding 
reduction  at  C-band,  we  concluded  that  scattering  at 
C-band  is  dominated  by  the  ice  surface. 


Angie  of  incidence,  degrees 

Fig.  9-21.  Backscatter  cross  section  of  desalinated  ice  sheet  at 
C-band,  as  determined  from  data  obtained  during  CRRELEX88, 
compared  with  predictions  of  the  Small  Perturbation  Method, 


The  dependence  of  emissivity  on  frequency  and  nadir 
angle  are  shown  in  Figure  9-23  for  the  desalinated  ice 
measured  during  February  1988.  The  error  bars  indicate 
the  standard  deviation  of  the  results  of  twelve  sets  of 
observations.  The  resulting  frequency  spectrum.  Figure  9- 
23(a),  shows  a  very  weak  frequency  dependence.  The 
emissivity  spectra  measured  on  the  desalinated  blocks 
created  in  1989  show  more  structure  (Figure  9-24).  The 
maxima  at  6  and  37  GHz  are  suggestive  of  interference 
fringes,  however,  the  variation  with  incidence  angle  is  quite 
weak  (Figure  9-25).  The  differences  between  the  1988  and 
1989  ice  sheet  simulations  are  pronounced.  Removal  of  the 
blocks  in  1989  no  doubt  allowed  brine  to  drain  from  the 
entire  slab.  Lrow  block  sahnities  would  have  resulted  in  a 
decrease  in  the  optical  thickness  of  the  ice.  That  the  ice 
sheet  was  left  in  place  in  1 988,  would  suggest  there  was  still 
substantial  brine  in  the  lower  part  of  the  ice  slab.  Higher 
salinities  in  the  lower  portion  of  the  ice  sheet  could  have 
caused  sufficient  attenuation  to  ehminate  fringe  effects. 


(b) 


Temperature,  °C 

Fig.  9-22.  Effect  of  temperature  on  backscatter  from  desalinated 
ice  at  (a)  C-band  and  (b)  X-band  as  determined  from  data  obtained 
during  CRRELEX88. 
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(a) 


Fig.  9-24.  Microwave  emissivity  versus  frequency  for  the  desali¬ 
nated  blocks  in  January  1989.  The  error  bars  denote  the  standard 
deviation  for  four  independent  samples. 


Fig.  9-23.  (a)  Emissivity  spectra  from  6  to  90  GHz  of  a  desalinated 
ice  sheet  at  V-  and  H-polarizations.  (b)  Microwave  emissivity 
versus  incidence  angle  for  the  desalinated  pond  ice.  Curves  give  the 
results  for  the  five  observation  frequencies. 

9.6  Pancake  Ice 

Pancake  ice  was  simulated  by  installing  a  wave-generat¬ 
ing  paddle  at  one  end  of  the  outdoor  pond.  Pancakes  were 
formed  with  thicknesses  of  about  7  cm.  The  surface 
emissivity  increased  as  the  ice  froze,  but  never  achieved  the 
values  previously  recorded  for  congelation  ice.  C-band 
observations  indicated  that  the  increase  in  brightness  tem¬ 
perature  was  linear  with  thickness,  contrary  to  the  nonlinear 
relationships  discussed  earlier.  This  linear  variation  ex¬ 
isted  because  the  brightness  temperature  was  being 
modulated  more  strongly  by  varying  concentrations  of  ice 
and  slush-water.  As  time  and  thickness  increased  so  could 
the  concentration  of  ice,  however  no  quantitative  method 


Fig.  9-25.  Microwave  emissivity  versus  incidence  angle  (a)  V  and 
(b)  H  polarizations  for  the  desalinated  blocks. 
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for  estimating  the  relative  percentage  of  ice  and  slush  was 
available. 

9.7  Surface  Effects 

The  vertical  distribution  of  brine  changes  rapidly  as  the 
ice  sheet  grows  from  the  melt.  As  evidenced  by  the  above 
results,  this  early  redistribution  of  brine  and  the  formation 
of  brine  pockets  within  the  ice  has  a  primary  influence  on 
microwave  signatmes.  As  the  ice  sheet  continues  to  age, 
secondary  metamorphic  processes  begin  to  rework  the  sur¬ 
face.  Natural  processes  such  as  mechanical  deformation, 
frost  flowers,  and  snow  cover  will  each  produce  different  but 
characteristic  scales  of  surface  roughness  and  near-surface 
inhomogeneities  that  modify,  and  may  eventually  domi¬ 
nate,  the  electromagnetic  response. 

Several  types  of  surface  processes  were  duplicated  in  the 
indoor  and  outdoor  laboratories.  Results  of  those  experi¬ 
ments  are  discussed  in  the  following  sections. 

9,7,1  Roughened  Surf  ace 

A  roughened  ice  sheet  was  simulated  by  mechanically 
raking  and  gouging  the  ice  surface.  This  produced  an 
irregulartexturewith2-to3-cmheightvariations.  Figure  9- 
26  shows  the  angular  dependence  of  the  backscattering 
coefficient  for  smooth,  rough,  and  snow-covered  ice  at 
9.6  GHz  (HH-polarization).  Roughening  causes  the  scat¬ 
tering  coefficient  to  increase  by  about  1 0  dB  over  the  results 
for  smooth  ice  at  incidence  angles  greater  than  20°.  The 
shape  of  the  backscattering  curve  is  indicative  of  surface 
scattering.  However,  a  volume  contribution  may  be  com¬ 
parable  to  the  surface  term  at  large  incidence  angles  because 
a  volume  term  must  be  included  to  model  the  scattering 
from  smooth  saline  ice.  Of  course,  as  the  surface  gets 
rougher,  the  volume  term  becomes  less  and  less  important. 

Radiometer  data  were  collected  on  the  same  ice  sheet. 
Before  roughening,  the  ice  sheet  was  optically  thick  and 
there  was  no  clear  dependence  of  emissivity  on  frequency 


Fig.  9-26.  Effects  of  surface  conditions  on  backscatter  angle 
response  at  9.6  GHz  and  HH  polarization. 


and  incidence  angle  at  vertical  polarization.  At  horizontal 
polarization,  the  undisturbed  ice  showed  the  usual  fre¬ 
quency  and  incidence  angle  dependence  [Grenfell  and 
Comiso,  1986],  After  roughening,  all  of  the  horizontal 
observations  at  18  and  37  GHz  showed  a  large  increase  in 
emissivity  (Figure  9-27).  For  vertical  polarization,  the  10- 
and  90-GHz  emissivities  decreased  while  the  18-GHz  emis¬ 
sivity  increased  at  40°  and  50°  incidence.  The  37-GHz 
emissivity  increased  at  60°.  Grenfell  and  Comiso  [1986] 
argued  that  the  results  at  1 8  and  37  GHz  were  explained  by 
the  fact  that  the  scale  of  roughness  was  close  to  the  wave¬ 
lengths  at  these  frequencies.  All  other  results  were  within 
the  range  of  expected  values  from  conventional  scattering 
and  emission  theory  of  rough  surfaces  [Ulaby  et  al.,  1982]. 
When  the  rough  layer  was  scraped  off,  the  emissivities 
decreased  further,  suggesting  that  a  thin  liquid  skim  had 
formed  on  the  smooth  sxirface. 

9,7,2  Rubble  Surface 

A  rubbled  ice  surface  was  created  by  spreading  fresh  ice 
chunks  on  top  of  an  8-cm  thick  ice  sheet.  At  this  thickness, 
the  physical  properties  of  the  ice  sheet  are  only  slowly 
changing,  so  sequential  microwave  observations  essen¬ 
tially  view  the  same  material.  The  ice  sheet  grown  for  this 
experiment  was  very  smooth  (0.05  cm  rms)  and  was  snow- 
free.  Ice  surface  temperatures  prior  to  application  of  the  ice 
chunks  were  about -16°C.  Warmer  air  temperatures  later 
in  the  experiment  and  after  the  chunks  were  appUed  caused 
the  ice  surface  temperature  to  rise  to  about  -8°C.  The 
rubble  layer  was  about  2.5  cm  thick  and  photographs  of 
vertical  thick  sections  are  shown  in  Figure  9-28.  Environ- 
mentad  descriptions  of  bare  and  rubble-covered  ice  sheets 
are  listed  in  Table  9-4.  The  scale  of  roughness  simulated 
here  is  similar  to  that  observed  for  pancake  ice.  Roughnesses 
greater  than  this  are  usually  associated  with  large-scale 
deformation  processes  (i.e.,  strewn  blocks  and  rubble). 


Angle,  degrees 

Fig.  9-27.  Comparative  spectra  showing  the  effects  of  surface 
roughness  for  the  natural  surface  (diamonds),  the  same  surface 
after  roughening  (squares),  and  after  the  rough  upper  surface  was 
scraped  off  (triangles)  [Grenfell  and  Comiso,  1986], 
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Fig.  9-28,  Vertical  thick  sections  showing  the  air-ice  interface  for  (a)  slightly  rough  and  (b)  very  rough  grey  ice.  The  grid  spacing  is  1  cm. 
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TABLE  9-4.  Summary  of  the  physical  property  observations  for  a 
grey  ice  sheet  with  a  smooth  and  rough  surface  [Onstott,  1990]. 


Description 

Grey  ice  smooth 

Grey  ice  rough 

Ice  age 

70  hours 

100  hours 

Ice  thickness 

7.5  cm 

8.3  cm 

Snow  cover 

none 

none 

toughness 

0.048  cm  rms 

0.544+0.053  cm  rms 

^correlation.length 

0.669  cm 

1.48  ±0.334  cm 

^air 

-23.5  to  -26.6°C 

-14.6  to -18.1  °C 

^ice 

-16°C 

-8°C 

Bulk  salinity 

10.1%c 

10.1%o(ice  sheet) 

Top  5  cm 

0  %o  (roughness  elements) 

A  few  comments  are  necessary  before  presenting  and 
comparing  data.  First  the  magnitude  of  the  dielectric 
constant  of  bare  ice  is  about  twice  that  of  fresh  ice.  Conse¬ 
quently,  the  backscatter  cross  sections  from  rough  ice  re¬ 
quire  anincrease  of  about  3.7  dB  to  account  for  this  difference. 
Relative  to  the  radar  wavelength,  there  is  almost  an  order 
of  magnitude  change  in  surface  roughness  between  the  bare 
and  rubble-covered  ice  sheets  (Figure  9-29).  At  5  GHz  and 
like  polarization,  backscatter  increases  by  about  19  dB  at 
40°,  while  at  10.0  GHz  it  increases  about  22  dB  after  the 
surface  has  been  roughened. 

Passive  microwave  observations  of  the  same  scene  yielded 
results  similar  to  those  reported  earlier  for  raked  surfaces. 
At  6  GHz  and  vertical  polarization,  the  emissivity  was 
constant  before  and  after  addition  of  the  rubble  layer.  As 
shown  in  Figure  9-30,  the  emissivity  decreased  at  the 
higher  frequencies  after  the  rubble  was  added.  This  re¬ 
sponse  is  likely  explained  by  the  fact  that  the  rubble  layer 
is  rough  at  higher  frequencies  but  smooth  at  C-band. 
Horizontal  polarization  observations  showed  that  the 
emissivity  at  low  frequencies  rose  slightly,  but  decreased  at 
higher  frequencies.  As  presented  in  Figure  9-31,  the  C- 
band  data  between  4.9  and  7.2  GHz  included  a  maximmn  at 
the  low  frequency  and  a  minimum  at  the  high  frequency, 
consistent  with  a  first-order  fringe  pair  from  a  2-cm  layer 
with  a  dielectric  constant  of  1.15. 

A  rubble  layer  was  deposited  on  the  surface  of  an  urea  ice 
sheet.  Chunks  of  urea  ice  2  to  5  cm  square  were  spaced  over 
a  new,  smooth  urea  ice  sheet.  Figure  9-32  shows  backscat¬ 
ter  coefficients  for  rough  ice  versus  the  angle  of  incidence. 
As  expected,  backscatter  is  stronger  for  this  case  than  for 
the  smooth  ice  case  (Figure  9-16),  especially  at  large  inci¬ 
dence  angles. 

9.7.3  Snow -Covered  Surface 

Snow  cover  is  ubiquitous  over  sea  ice  and  can  signifi¬ 
cantly  affect  the  microwave  backscatter  or  emissivity  [Kim 


Fig.  9-29.  Radar  scattering  coefficient  response  for  ice  with  a  rough 
(R)  or  smooth  (SM)  surface.  The  response  is  shown  at  (a)  5.0  and 
(b)  10.0  GHz. 


et  al.,  1984;  Comiso  et  al.,  1989],  Snow  cover  overtly 
modifies  the  electromagnetic  signature  of  sea  ice  simply  by 
addition  of  another  layer  of  scattering  particles.  But  the 
influence  of  snow  cover  on  sea  ice  is  also  more  subtle.  Snow 
acts  as  an  insulator  and  a  mechanical  load.  This  combination 
serves  to  release  brine  from  just  below  the  ice  surface.  The 
brine  is  subsequently  wicked  up  into  the  snow  layer  [Grenfell 
and  Comiso,  1 986],  If  the  snow  is  thick  enough,  the  load  can 
be  sufficient  to  depress  the  ice  sheet  below  its  natural 
freeboard,  and  flooding  will  occur.  Several  laboratory 
experiments  were  carried  out  to  assess  the  effects  of  a  snow 
cover  over  sea  ice  and  the  subsequent  flooding  and  refreezing 
of  a  basal  slush  layer  on  active  and  passive  microwave 
signatures. 

Naturally  falling,  dry  snow  accumulated  on  a  saline  ice 
sheet  grown  on  the  outdoor  pond.  The  snow  layer  reached 
a  thickness  of  4.5  cm.  Snow-covered  and  smooth  ice  returns 
at  9.6  GHz  were  similar  in  magnitude,  indicating  that  thin 
snow  cover  has  negligible  effect  on  backscattering  from 
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Frequency,  GHz 

Fig.  9-30.  Emissivity  spectra  of  ISO-mni’thick  ice  before  and  after 
the  addition  of  a  25-mm  layer  of  ice  rubble  at  (a)  vertical  and  (b) 
horizontal  polarizations  [Grenfell  et  al.,  1988]. 


saline  ice  [Bredow,  1991],  However,  backscatter  coeffi¬ 
cients  of  snow-covered  ice  at  13.6  GHz  were  about  3  dB 
higher  than  those  of  smooth  ice  at  incidence  angles  greater 
than  about  20®  (Figure  9-33).  Radiometer  measurements  of 
snow-covered  saline  ice  recorded  an  increase  in  polarization 
and  a  decrease  in  emissivity,  with  a  stronger  decrease 
occurring  at  higher  frequencies  [Grenfell  and  Comiso,  1986] . 
Measurements  at  C-band  (Figure  9-34)  indicated  the  pos¬ 
sibility  of  an  interference  effect,  which,  because  of  the  snow 
depth,  appeared  to  cause  a  spectral  emissivity  inversion  to 
occur. 

Lohanick  [1992]  conducted  a  series  of  detailed  radiomet¬ 
ric  observations  of  snow-covered  saline  ice.  Data  were 
acquired  at  10  and  at  85  GHz  before  and  for  several  weeks 
after  a  single  snowfall  event.  A  time  series  of  45®  inddence- 


Fig.  9-31.  C-band  brightness  temperature  with  varying  surface 
roughness.  Observation  1  was  made  immediately  after  adding 
approximately  2.5  cm  of  ice  cubes  to  a  13.2-cm-thick  ice  sheet. 
Observation  2  was  made  the  following  morning,  after  most  cubes 
had  become  frozen  to  the  ice  surface.  Three  hours  later,  the  sinface 
temperature  had  increased  to  --4®C  for  observation  3.  Finally,  for 
the  last  observation,  the  surface  was  raked  to  remove  all  loose 
cubes. 


Fig.  9-32.  Normalized  radar  cross  section  of  rough  ice  at  35  GHz 
[Colom,  1991]. 
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Fig.  9-33.  Effects  of  surface  conditions  on  backscatter  angle 
response  at  13.6  GHz  and  HH  polarization. 


Fig.  9-34.  C-band  brightness  temperature  measurements  iUustrate 
the  effect  of  light  snowfall  on  a  sheet  of  &azil  ice.  The  snow 
thickness  reached  only  1  cm  and  became  very  moist  over  time. 


angle  radiometric  temperature  and  emissivities  for  10  and 
85  GHz  is  shown  in  Figure  9-35.  Snow  fell  late  on  Julian 
day  349.  Dotted  lines  in  Figure  9-35  show  bare  ice  bright¬ 
ness  temperatures.  Emissivities  at  1 0  GHz  were  calculated 
by  dividing  the  brightness  temperature  by  268  K,  the 
measured  ice  siuface  temperatime;  85-GHz  emissivities 
were  calculated  by  dividing  brightness  temperature  by 
snow  surface  physical  temperature. 

Figure  9-35  shows  a  significant  drop  (100  K)  in  10-GHz 
brightness  temperatures  after  snow  deposition.  Lohanick 
[1 992]  argued  that  the  formation  of  a  slush  layer  at  the  base 
of  the  snow  was  responsible  for  the  behavior  of  the  low 
firequency  data.  Brine  wicked  upwards  into  the  snow 
caused  a  slush  layer  to  form.  This  layer  behaved  radio- 
metrically  as  a  rough  water  interface.  As  the  layer  froze,  it 
evolved  to  look  more  like  water-saturated  snow  and  finally 
a  near  perfect  emitter  at  10  GHz. 

The  85-GHz  data  apparently  were  affected  only  by  the 
snow  layer.  The  85-GHz  brightness  temperatures  slowly 
dropped  during  the  experiment  and  its  polarization  re¬ 


Fig.  9-35.  Brightness  temperatures  and  emissivities  at  10  and 
85  GHz  and  45°  incidence  angle  before  and  after  the  development 
of  a  snow  cover  on  top  of  a  saline  ice  sheet  [Lohanick,  1992]. 


mained  constant.  This  suggested  an  explanation  rel3dng  on 
increased  volume  scatter  in  the  snow  due  to  increased  snow 
grain  size. 

A  similar  sequence  of  observations  was  made  on  urea  and 
saline  ice  sheets  growing  in  an  indoor  laboratory  [Lytle, 
V.  L,  K  C.  Jezek,  R.  Hosseinmostafa,  and  S.  P.  Gogineni, 
Laboratoiy  backscatter  measurements  over  urea  ice  with  a 
snow  cover  at  Ku-band,  submitted  to  IEEE  Transactions  on 
Geoscience  and  Remote  Sensing].  The  13.9-GHz  radar 
backscatter  observations  were  acquired  during  the  growth 
phase  and  until  the  ice  was  approximately  9  cm  thick 
(Figure  9-36).  At  that  point,  snow  previously  stored  in  a  cold 
room  was  applied  in  three  successive  layers.  Events  22, 23, 
and  24  represent  the  addition  of  three  layers  of  snow  that  in 
total  were  6.3, 11.2,  and  14.8  cm  thick,  respectively.  Event 
25  represents  the  moment  at  which  the  snow-covered  ice 
was  freed  from  the  restraining  walls  of  the  tank  and  began 
to  flood.  Event  35  represents  the  point  at  which  the  flooded 
snow  layer  was  refrozen.  Ice  growth  to  9  cm  took  about 
three  days.  The  snow  experiments,  including  flooding,  were 
distributed  over  about  12  hours.  The  refrozen  slush  was 
measured  about  15  hours  after  the  intial  flooding  event. 

As  with  the  outdoor  experiments,  the  snow  caused  the 
nadir  return  to  decrease  by  about  4  dB,  while  oblique 
incidence  returns  increased  by  about  10  dB.  Backscatter 
coefficients  were  essentially  invariant  with  the  thickness  of 
the  snow  layer,  which  varied  from  6  to  15  cm.  Lytle  and 
coworkers  concluded  that  these  observations  could  not  be 
explained  by  volume  scattering  effects.  Instead,  and  as 
concluded  by  Lohanick  [1992],  they  attributed  the  observa¬ 
tions  to  a  metamorphosis  of  the  snow-ice  interface  that 
caused  additional  surface  scattering.  The  lower  portion  of 
the  snow  pack  was  observed  to  be  wet  because  of  the  wicking 
phenomenon  described  earlier.  Using  a  Kirchoff  model, 
they  found  that  an  effective  interface  roughness  of  about 
0.5  cm  rms  and  a  correlation  length  of  15  cm  explained  the 
observations. 

After  a  15-cm  thick  snow  layer  was  applied  to  the  ice 
surface,  the  section  of  the  ice  sheet  covered  with  snow  was 
freed  from  the  restraining  walls  of  the  tank.  The  ice  surface 
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Fig.  9-36.  (a)  Evolution  of  backscatter  coefficient  with  successive, 
controlled  changes  in  ice  sheet  properties.  Data  were  collected  with 
a  13.9-GHz  radar  operating  at  normal  incidence  over  an  indoor 
tank  filled  with  an  urea  solution,  (b)  The  initial  formation  of  ice 
from  the  melt  (event  1 )  through  the  point  at  which  the  ice  was  about 
9  cm  thick  (event  21 )  is  shown.  Events  22, 23  and  24  represent  the 
addition  of  three  snow  layers.  Event  25  represents  the  moment  at 
which  flooding  begins. 

depressed  below  the  water  level  and  the  snow  layer  quickly 
flooded  with  urea  solution.  The  entire  column  of  snow 
eventually  saturated  with  liquid.  As  soon  as  flooding 
occurred,  normal  incidence  backscatter  decreased  by  about 
11  dB,  but  then  rapidly  increased  to  a  level  about  4  dB 
higher  than  backscatter  measured  prior  to  flooding.  At  20° 
incidence  angle,  backscatter  remained  constant  as  the  slush 
layer  started  to  form;  as  the  snow  layer  saturated  the 
backscatter  increased  by  about  5  dB.  Increase  in  backscat¬ 
ter  at  all  angles  was  attributed  to  the  increased  reflection 
coefficient  at  the  flooded  interface.  Upon  refreezing,  back¬ 
scatter  at  20°  incidence  angle  decreased  5  dB,  similar  to  the 
level  associated  with  an  unflooded  snow  layer.  This  simi¬ 
larity  was  not  unexpected.  Although  the  overlying  snow 
had  been  replaced  by  refrozen  slush,  the  physical  charac¬ 
teristics  of  this  surface  were  expected  to  be  similar  to  the 
ice-snow  surface  before  flooding  occurred. 

Similar  results  have  been  derived  from  indoor  laboratory 
measurements  of  snow-covered  saline  ice,  and  all  observa¬ 
tions  are  summarized  in  Figures  9-37(a),  (b),  and  (c).  These 
figures  show  that  the  backscatter  coefficient  consistently 
decreases  at  nadir  with  the  application  of  a  snow  layer. 
They  also  show  a  consistent  increase  at  oblique  angles  of 
incidence.  Figures  9-38(a),  (b),  and  (c)  support  the  argu¬ 
ment  that  interface  roughness  rather  than  volume  scatter¬ 
ing  is  the  explanation  for  these  data.  These  figures  show  the 
time  domain  response  at  13.9  GHz  over  bare  and  snow- 


Fig.  9-37.  Angular  response  of  the  backscatter  coefficient  at 
1 3.9  GHz  for  three  different  bare  and  then  snow-covered  ice  sheets: 
(a)  urea  grown  indoors;  (b)  saline  grown  outdoors;  and  (c)  saline 
grown  indoors. 
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covered  saline  ice.  The  nadir  signal  from  the  ice  surface  is 
the  large  peak  near  the  far  left-hand  side  of  Figure  9-38(a). 
Notice  that  apphcation  of  a  snow  layer  decreases  the  mag¬ 
nitude  of  the  response,  but  application  of  additional  snow 
does  not  change  the  pulse  amplitude.  Also  there  is  no 
noticeable  pulse  broadening.  At  45°  incidence  angle,  the 
snow-covered  return  is  about  1 0  dB  higher  than  the  equiva¬ 
lent  bare  ice  result. 

9.8  Significance  of  CRRELEX  Results 

Experiments  using  the  outdoor  and  indoor  test  facilities 
at  CRREL  demonstrated  that  saline  ice  with  a  predefined 
range  of  physical  properties  can  be  grown.  These  saline  ice 
types  include  thin  ice  with  varying  crystalline  textures  and 
salinity  gradients,  roughened  ice  that  includes  a  range  of 
roughness  elements,  desalinated  ice,  and  snow-covered  ice. 
That  selected  ice  properties  can  be  isolated,  duplicated,  and 
studied  in  the  laboratory  is  an  important  achievement. 
This  achievement  has  been  exploited  to  better  understand 
the  relationship  between  particular  saline  ice  properties 
and  microwave  propagation  phenomena.  For  example, 
^  there  is  excellent  agreement  between  the  dielectric  con¬ 
stant  of  thin  ice  as  determined  from  radar  backscatter, 
radar  transmission,  and  microwave  emission  observations. 
Moreover,  changes  in  the  dielectric  constant  are  clearly 
seen  to  be  related  to  the  complex  distribution  of  brine  and 
the  migration  of  brine  through  the  ice  sheet  as  the  ice  ages. 
Similarly,  snow  cover  was  found  to  have  a  profound  effect  on 
both  active  and  passive  microwave  observations.  Again, 
multisensor  data  could  be  interpreted  consistently  in  terms 
of  the  dielectrically  rough,  slushy  layer  that  develops  at  the 
snow-ice  interface. 

The  unique  combination  of  attributes  that  were  part  of 
CRRELEX  makes  it  seem  unlikely  that  equivalent  insight 
into  the  specific  microwave  properties  of  saline  ice  could  be 
obtained  from  field  observations  alone.  Many  of  these  new 
insights  are  very  exciting,  still,  interpretation  must  be 
tempered  by  the  broader  objective  of  studying  sea  ice  grow¬ 
ing  on  the  polar  oceans.  Growth  in  the  natural  ocean 
environment  occurs  xmder  the  influence  of  many  competing 
effects.  In  turn,  these  effects  integrate  to  yield  a  complex 
physical  structure  and  associated  microwave  response. 
This  natural  integration  reveals  the  basic  limitation  of 
CRRELEX,  namely,  that  it  is  difficult,  perhaps  impossible, 
to  simulate  simultaneously  all  the  processes  that  drive  the 
formation  of  natural  sea  ice.  For  example,  while  desali¬ 
nated  ice  of  a  particular  composition  could  be  grown  in  the 
laboratory,  experimental  techniques  are  far  from  duplicating 
the  complete  properties  of  even  first-year  ice .  The  CRRELEX 
experiences  have  established  a  new  methodology  for  com¬ 
bining  laboratory  research  that  tests  specific  hypotheses 
using  field  measurements  to  evaluate  the  significance  of  a 
particular  phenomenon  in  a  complex  environment. 


Fig.  9-38.  Time  domain  response  for  a  13.9-GHz  radar  over  bare 
and  snow-covered  saline  ice.  (a)  The  nadir  signal  from  the  ice 
surface  corresponds  to  the  large  peak  near  the  far  left  side.  At 
(b)  26°  and  (c)  45°  incidence  angles,  the  backscattered  signal  with 
a  slight  time  delay  at  oblique  incidence  also  appears  on  the  left  side 
of  each  figure. 
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14,1  Introduction 

Thin  ice,  consisting  of  the  World  Meteorological 
Organization’s  (WMO’s)  group  of  types  for  new  and  young 
sea  ice  less  than  about  0.3  meters  in  thickness,  is  of  consid¬ 
erable  importance  both  for  the  energy  exchange  between 
the  atmosphere  and  ocean  in  the  polar  regions  and  for  the 
dynamics  of  the  sea  ice  cover.  Integrated  over  the  annual 
cycle,  thin  ice  can  be  found  over  an  area  of  at  least  8x10®  km^ 
and  16x10®  km^  in  the  Arctic  and  Antarctic,  respectively, 
and  the  maximum  instantaneous  coverage  is  estimated  at 
about  1  X 10®  km2.  The  brightness  temperatures,  emissivi- 
ties,  and  radar  scattering  cross  sections  of  thin  ice  evolve 
during  growth.  Their  behavior  for  thin  ice  is  determined  by 
its  bulk  dielectric  properties,  but  can  be  strongly  modified 
by  the  presence  of  snow  and  by  the  properties  of  the  near 
surface  layers,  where  the  salinity  can  be  very  large. 

In  this  chapter,  we  will  show  that  surface-based  radio- 
metric  results  and  principal  component  analysis  indicate 
that  some  thin  ice  types  can  be  resolved  under  favorable 
circumstances.  Mixtures  of  thick  ice  and  open  water, 
however,  can  still  give  rise  to  ambiguities  in  ice  type 
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identification  in  available  satellite  data.  Initial  compari¬ 
sons  of  concurrent  radiometric  and  radar  data  show  the 
potential  to  improve  discrimination  of  thin  ice  on  the  basis 
of  emitted  and  backscattered  intensities.  We  expect  the 
ability  to  distinguish  thin  ice  using  satellite  imagery  will 
improve  considerably  with  the  combination  of  Special  Sen¬ 
sor  Microwave/Imager  (SSM/I)  data,  high-resolution  re¬ 
sults  from  the  First  European  Remote  Sensing  Satellite 
(ERS-1),  and  microwave  models  of  the  ice. 

The  spatial  and  temporal  distribution  of  thin  ice  plays  a 
central  role  in  both  the  thermodynamics  and  dynamics  of 
the  world’s  sea  ice.  Thin  ice  refers  to  all  sea  ice  types 
younger  than  first-year  ice  and  less  than  0,3  meters  thick. 
The  polar  packs  consist  of  complex  mixtures  of  many  differ¬ 
ent  thicknesses.  A  typical  mesoscale  region  can  be  expected 
to  contain  open  water,  new  ice,  and  young  ice  in  varying 
proportions,  depending  on  season  and  geographic  location. 
Because  of  thermodynamic  mass  changes  and  dynamic 
motions  that  rearrange  existing  ice,  the  area  covered  by  any 
particular  thickness  category  undergoes  continual  change. 
Given  sufficient  data  about  the  velocity  field  and  mechani¬ 
cal  properties  of  the  ice  and  the  energy  fluxes  at  the  upper 
and  lower  boundaries  one  can  calculate  the  magnitude  of 
these  changes  using  thickness-distribution-dependent  dy¬ 
namical  models  [Rothrock,  1975;  Thorndike  et  al.,  1975]. 
Reviews  by  Rothrock  [1986]  and  Thorndike  [1986]  show 
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that  the  ice  thickness  distribution  plays  a  central  role  in 
controlling  the  large-scale  dynamics  of  the  ice  and  that  thin 
ice  is  particularly  important.  Observational  verification  of 
such  modeling,  however,  is  not  yet  available  in  sufficient 
detail  to  know  how  well  the  amount  of  thin  ice  is  predicted. 

Many  properties  of  sea  ice  are  strongly  dependent  on  its 
thickness,  including  surface  temperature,  strength,  growth 
rate,  salinity,  and  dielectric  constant.  Thus,  some  knowl¬ 
edge  of  the  way  in  which  ice  thickness  is  distributed  in  a 
particular  part  of  the  ice  pack  in  a  particular  season  is 
needed  before  its  large-scale  behavior  can  be  predicted 
accurately.  The  extent  and  distribution  of  the  areas  covered 
by  open  water  and  thin  ice  are  of  special  concern  in  modeling 
heat  exchange  with  the  atmosphere  and  the  salinity  bal¬ 
ance  of  the  upper  ocean.  In  the  central  Arctic,  open  water 
appears  to  make  up  no  more  than  1%  of  the  ice  pack  during 
the  winter,  but  estimates  from  submarines  of  the  amount  of 
ice  less  than  1  m  in  thickness  give  a  range  from  8%  to  12% 
[Wittman  and  Schule,  1966],  about  an  order  of  magnitude 
greater.  These  latter  estimates  are  consistent  with  inde¬ 
pendent  theoretical  calculations  [Thorndike  et  ai,  1975]. 
For  the  southern  ocean  [Wadhams  et  al.,  1987;  Lange  and 
Eicken,  1991],  up  to  7%  of  thin  ice  is  associated  with  floes, 
but,  because  of  logistical  limitations,  this  is  an  underesti¬ 
mate  that  does  not  include  new  ice. 

Modeling  of  heat  transport  through  young  sea  ice 
[Maykut,  1978,  1982]  predicts  that  in  the  central  Arctic 
during  the  cold  months,  the  net  heat  input  to  the  atmo¬ 
sphere  from  ice  in  the  0  to  0.4  m  range  is  between  one  to  two 
orders  of  magnitude  larger  than  that  from  perennial  ice. 
Maykut  concludes  that  with  the  present  estimates  of  ice 
thickness  distribution  in  the  central  Arctic,  total  heat  input 
to  the  atmospheric  boundary  layer  from  regions  of  young  ice 
is  equal  to  or  greater  than  that  from  regions  of  open  water 
or  thick  ice. 

Similar  considerations  hold  for  the  salt  and  buoyancy 
fluxes  in  the  ocean  [Smith  et  al.,  1990;  Morison  et  al.,  1991]. 
The  rejection  of  salt  due  to  the  growth  of  thin  ice  signifi¬ 
cantly  enhances  convection  in  the  mixed  layer  and  affects 
the  oceanic  heat  flux  to  the  bottom  of  the  ice.  In  certain 
areas  of the  marginal  ice  zones  (MIZ)  and  areas  of  persistent 
polynyas,  the  salt  flux  appears  to  be  influential  in  generat¬ 
ing  oceanic  bottom  water.  Over  the  Arctic  Ice  Dynamics 
Joint  Experiment  (AIDJEX)  array,  thin  ice  rather  than 
open  leads  had  the  greatest  influence  on  ice  production, 
heat  input  to  the  atmosphere,  and  salt  input  to  the  ocean. 

In  the  Antarctic  and  in  the  northern  MIZ  areas,  there  is 
often  greater  divergence  and  even  more  open  water  and  thin 
ice  than  in  the  central  Arctic,  Cruise  results  from  the 
Antarctic  [Wadhams  et  al.,  1987;  Eicken  and  Lange,  1989; 
Worby  and  Allison,  1991]  indicate  that  much  of  the  winter 
Antarctic  ice  pack  is  highly  dynamic,  drifting  at  speeds  of 
tens  of  kilometers  per  day,  and  that  this  motion  is  often 
divergent,  leading  to  a  large  percentage  of  new  ice  within 
the  pack.  Under  these  conditions,  the  larger  areas  (even  as 
low  as  80%)  of  thin  ice  result  in  greater  turbulent  heat  loss 
than  from  open  water. 


Microwave  imagery  from  aircraft  and  satellites  provides 
monitoring  on  intermediate  to  large  geographic  scales  and 
has  already  demonstrated  its  usefulness  for  imderstanding 
the  behavior  of  the  global  sea  ice  cover.  Because  of  limita¬ 
tions  in  spatial  resolution  and  the  small  relative  area 
covered  by  freezing  leads  and  pol3niyas,  however,  thin  ice 
determination  has  proved  difficult.  Techniques  to  refine 
our  knowledge  of  the  thickness  distribution  of  new  and 
young  ice  are  still  being  developed.  This  chapter  sums  to 
review  the  present  state  of  the  art. 

14.2  Terminology  and  Classification 

Because  of  the  diversity  of  conditions  that  can  accom¬ 
pany  the  formation  and  growth  of  thin  ice,  its  physical 
properties  can  cover  a  range  that  is  wide  even  for  ice  in  a 
particular  thickness  interval.  The  WMO  division  into  the 
subcategories  of  new  and  young  ice  based  on  visual  ap¬ 
pearance  is  useful.  The  visually  distinct  surface  forms  often 
appear  to  be  accompanied  by  differences  in  their  dielectric 
properties. 

The  WMO  system  defines  the  categories  usually  used  to 
distinguish  various  stages  of  evolution  for  both  calm  and 
wavy  conditions.  This  sequence  is  shown  diagrammatically 
in  Figure  14-1,  adapted  from  Weeks  [1976],  along  with  the 
approximate  range  of  thicknesses  associated  with  each 
category.  A  certain  amoimt  of  crossover  is  possible  if  calm 
conditions  become  wavy  or  vice  versa.  For  example,  grease 
ice  can  quickly  develop  into  nilas  if  the  waves  subside,  and 
nilas  can  be  broken  up  into  small  pieces  that  quickly  form 
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Fig.  14-1.  Evolutionary  sequence  for  thin  sea  ice.  Ice  types  are 
shown  in  capital  letters  and  related  environmental  processes  are 
enclosed  in  square  brackets. 


86 


Grenfell  et  al.  293 


pancakes.  Young  ice  develops  both  from  the  consolidation 
and  thermal  growth  of  pancake  ice  and  from  Ught  nilas .  The 
snow  cover  is  quite  variable  and  is  often  thick  enough  to 
make  visual  identification  of  the  imderl3dng  ice  difficult. 

Since  the  WMO  system  is  based  on  the  visible  albedo  and 
morphology  of  the  ice,  in  general  it  will  not  have  a  one-to-one 
relationship  with  the  microwave  characteristics.  For  ex¬ 
ample,  variations  in  snow  cover  can  easily  confuse  a  par¬ 
ticular  visible  categorization  while  they  may  have  a  much 
smaller  effect  on  microwave  signatures.  This  sort  of  situa¬ 
tion  could  be  exploited  to  allow  greater  discrimination  of  ice 
types  using  a  combination  of  sensors.  The  quantities  we 
wish  to  determine  by  remote  sensing  are  the  physical 
properties  of  the  ice  (e.g.,  thickness,  salinity,  temperature, 
density,  and  snow  cover  characteristics)  and  the  attendant 
environmental  conditions,  rather  than  WMO  types  per  se. 
The  ultimate  evaluation  of  any  classification  system  is 
based  on  how  well  it  succeeds  in  doing  this, 

14.3  Geographical  and  Temporal  Distribution  of  Thin  Ice 

Thin  ice  must  occur  during  the  freeze-up  phase  in  sea¬ 
sonal  sea  ice  zones — ^those  areas  covered  by  ice  in  the 
winter,  but  free  of  ice  in  summer.  It  is  also  formed  in 
pol3aiyas  and  leads  throughout  the  winter  in  the  perennial 
ice.  Consequently,  thin  ice  will  occur  over  large  areas  of  the 
polar  regions,  but  because  the  growth  of  new  and  yotmg  ice 
tends  to  be  rapid,  a  smaller  area  would  in  general  be  covered 
with  thin  ice  at  any  one  time.  An  overview  of  the  subject  by 
Maykut  [1986]  indicates  that,  as  a  result  of  freezing  alone, 
ice  will  form  and  grow  to  0.3  m  in  thickness  in  approxi¬ 


Fig.  14-2.  Approximate  boundaries  of  the  seasonal  sea  ice  zones  of 
the  Northern  Hemisphere  derived  from  ESMR  sateUite  imagery 
[Parkinson  et  al.,  1987], 


mately  5  to  10  days  if  Tair  =  ~30®C  and  in  about  7  to  15  days 
if  ^air  =  -20°C,  Then,  for  a  satellite  sampling  rate  of  once 
every  three  days,  a  given  area  of  thin  ice  would  be  observ¬ 
able  between  one  and  five  times  before  developing  into 
another  type  of  ice.  Consequently,  we  would  expect  that  in 
many  places  the  area  covered  by  thin  ice  would  not  appear 
as  a  persistent  or  static  feature. 

Microwave  satellite  imagery  has  greatly  refined  our 
knowledge  of  the  extent  and  cycling  of  the  seasonal  sea  ice 
zones  (SSIZ)  of  both  the  Northern  and  Southern  Hemi¬ 
spheres  since  1973  [Zwally  et  al.,  1983;  Parkinson  et  al., 
1987;  Parkinson  and  Cavalieri,  1989;  Parkinson,  1991]. 
This  has  in  fact  provided  the  most  precise  identification  and 
discovery  of  many  areas  of  thin  ice.  In  the  SSIZ  regions,  thin 
ice  occurs  in  abundance  and  can  be  readily  delineated  from 
the  seasonal  information  provided  by  passive  satellite  im¬ 
agery.  These  regions  are  shown  in  Figures  1 4-2  and  14-3  for 
the  Arctic  and  Antarctic,  respectively,  from  four-year  aver¬ 
ages  ofElectrically  Scanning  Microwave  Radiometer  (ESMR) 
data  .  The  greatest  area  is  around  Antarctica,  where  the 
SSIZ  covers  16x10®  km^,  but  large  areas  are  also  foxmd 
around  the  margins  of  the  Arctic  Basin,  in  the  Bering  Sea, 
and  in  the  Sea  of  Okhotsk  covering  8x10®  km^. 

Cracking  and  divergence  of  the  pack  continually  provide 
new  aireas  of  ice  formation  and  growth.  Large  areas  where 
this  occurs,  polynyas  and  major  lead  systems,  have  been 
detected  by  microwave  satellite  imageiy  in  many  places 
throughout  the  Arctic  and  Antarctic  Sea  ice  zones  [Martin 
and  Cavalieri,  1989]. 

A  striking  and  recurrent  winter  feature  in  the  Greenland 
Sea  is  the  Odden,  a  large  tongue  of  sea  ice  jutting  out  from 


Fig.  14-3.  Approximate  boundaries  of  the  seasonal  sea  ice  zones  of 
the  Southern  Hemisphere  derived  from  ESMR  satellite  imagery 
[Zwally  et  al.,  1983]. 
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the  thick  ice  of  the  east  Greenland  drift  stream,  which  has 
routinely  been  detected  by  the  Scanning  Multichannel 
Microwave  Radiometer  (SMMR)  and  SSM/I.  This  feature 
can  cover  an  area  of  more  than  1 0^  km^  and  can  appear  and 
dissipate  vdthin  a  few  days  to  a  week.  Ship-based  observa¬ 
tions  during  recent  field  experiments  have  shown  that  the 
Odden  is  made  up  in  large  part  of  thin  ice.  The  rapid 
appearance  and  disappearance  of  the  Odden  reflects  fluc¬ 
tuations  in  the  deUcate  balance  between  the  atmospheric 
and  oceanic  heat  fluxes  in  the  region;  indeed  this  may  be  a 
region  of  considerable  importance  in  the  ventilation  of  the 
deep  ocean  [Gascard,  1990]. 

Estimates  of  the  amount  of  thin  ice  in  the  central  Arctic 
have  been  made  on  the  basis  of  empirical  growth  rate 
formulae  fi*om  Anderson  [1961]  and  from  the  results  of 
dynamic  and  thermodynamic  model  results  by  Maykut 
[1982].  They  give  regional  percentages  of  thin  ice  of  20% 
during  fall  freeze-up,  1 .4%  to  4%  in  midwinter,  and  10%  in 
midsummer.  Corresponding  estimates  for  the  Antarctic 
[Weller,  1980]  give  wintertime  concentrations  of  20%  for 
the  inner  zone  and  60%  for  the  outer  zone. 

For  the  entire  Arctic  and  Antarctic,  including  the  periph¬ 
eral  seas,  an  independent  estimate  can  be  made  directly 
using  satellite  imagery  to  determine  rates  of  change  in  total 


Fig.  14-4.  Estimates  of  areal  coverage  by  thin  sea  ice  in  both  the 
Arctic  and  Antarctic  based  on  ESMR  data. 


ice  area  [Zwally  et  al,  1983;  Comiso  and  Zwally,  1984; 
Parkinson  and  Cavalieri,  1 989],  These  are  then  integrated 
over  the  Hfetime  of  thin  ice  to  give  areal  coverage  at  a 
particular  time.  Figure  14-4  shows  the  resulting  estimates 
for  each  month,  assuming  that  it  takes  7  days  on  average  for 
the  ice  to  become  0.3  m  thick  during  growth  and  that  no  ice 
grows  during  summer  breakup.  Estimated  areas  are  as 
high  as  0.5  x  10®  to  1  x  10®  km^  (about  5  and  25%  of  mini¬ 
mum  extent)  in  the  Arctic  and  Antarctic,  respectively.  The 
current  estimates  are  only  approximate,  but  thin  ice  is 
clearly  present  in  substEuitial  quantities  in  both  hemi¬ 
spheres. 

14.4  Microwave  Signatures  of  Thin  Ice 

The  concept  of  microwave  signatures  for  thin  ice  and  its 
subcategories  implies  a  well-defined  relationship  between 
some  aspect  of  the  physical  properties  of  the  ice  and  an 
appropriate  combination  of  brightness  temperatures,  emis- 
sivities,  and/or  scattering  coefficients  that  will  identify  that 
ice  type.  The  first  case  to  consider  is  that  of  an  instanta¬ 
neous  image  where  the  signature  makes  it  possible  to 
extract  the  distribution  of  a  particular  ice  type  in  the  image. 

14,4.1  Radiometry 

Because  of  the  coarse  resolution  of  satellite  passive 
microwave  sensors  to  date,  thin  ice  has  been  difficult  to 
identify  in  the  imagery  and  can  be  easily  confused  with 
mixtures  of  thick  ice  and  open  water.  However,  even  though 
thin  ice  may  be  difficult  to  identify,  the  ice  types  in  this 
category  do  have  significantly  different  microwave  signa¬ 
tures  than  open  water  or  thicker  ice.  Thus,  the  effects  of 
thin  ice  must  be  present  in  the  satellite  record  and  the  above 
distribution  estimates  suggest  that  the  effects  should  be 
significant  under  appropriate  circumstances. 

Representative  emissivity  spectra  for  thin  ice  types, 
from  surface  Eind  aircraft-based  observations,  are  presented 
in  Chapter  4.  These  show  that  thin  ice  has  emissivity 
spectra  that  he  between  the  values  for  open  water  and  those 
of  first-year  ice  and  have  different  slopes.  Figure  14-5 
shows  laboratoiy  measurements  illustrating  the  progres¬ 
sion  of  emissivity  with  ice  thickness  for  calm  growth  condi¬ 
tions  [Grenfell  and  Comiso,  1986].  A  complication  associ¬ 
ated  with  near-surface  observations  is  the  contribution  of 
interference  fringes.  These  are  due  to  multiple  reflections 
from  layering  in  spatially  homogeneous  areas  of  ice  and 
snow,  £ind  they  generate  Tb  fluctuations  in  small-scale  ob¬ 
servational  results  (Chapter  9).  In  aircraft  or  satelhte 
studies,  the  footprints  are  much  larger,  usually  enough  to 
include  many  different  ice  conditions  and  to  average  out  the 
fringes. 

For  ice  growth  under  both  calm  and  wavy  conditions,  the 
rate  at  which  the  emissivities  evolve  with  ice  thickness 
depends  strongly  on  the  development  of  the  dielectric  prop¬ 
erties  of  the  ice.  This  is  determined  by  the  distribution  of 
brine  in  the  ice.  In  calm  water,  this  is  determined  by  the 
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Frequency,  GHz 

Fig.  14-5.  An  example  of  the  progression  of  emissivity  versus 
frequency  at  vertical  polarization  of  thin  ice  from  open  water  to 
young  ice.  Each  cmve  gives  the  ice  thickness.  Maximum  thickness 
for  this  set  of  observations  is  about  1 00  mm.  V-pol  observations  are 
at  a  nadir  angle  of  50  . 

growth  rate  of  the  ice  and  the  salinity  of  the  water  [Weeks 
and  Ackley,  1986].  Laboratory  observations  [Grenfell, 
1986;  Grenfell  and  Comiso,  1986;  Wensman,  1991]  show 
that  the  ice  becomes  optically  thick  at  physical  thicknesses 
between  50  and  80  mm  for  1 0  GHz,  decreasing  with  increas¬ 
ing  frequency  to  about  10  mm  for  90  GHz.  Beyond  this 
point,  the  high  reflectivity  of  the  underlying  water  no  longer 
makes  a  significant  contribution  to  the  emitted  radiation. 
Subsequent  emissivity  changes  then  arise  primarily  from 
changes  in  the  distribution  of  brine  in  the  uppermost  layers. 

For  grease  ice  and  pancake  ice,  the  situation  is  quite 
different.  Salt  entrapment  is  not  due  to  grovTth  at  a  planar 
interface,  but  involves  the  consolidation  of  a  crystal  slurry 
that  results  in  entrapment  of  brine  throughout  the  slunys 
volume.  After  consolidation,  flushing  of  the  surface  contin¬ 
ues  through  the  development  of  pancake  ice  and  further 
modifies  the  salinity  distribution.  Since  the  mechanisms  of 
brine  entrapment,  drainage,  and  expulsion  are  different 
than  those  associated  with  congelation  ice  grovTth,  we 
would  in  general  expect  differences  in  the  microwave  sig¬ 
natures. 

A  cluster  plot  of  observations  from  the  Marginal  Ice  Zone 
Experiment  (MIZEX)  1987  (Figure  14-6)  shows  results  for 
thin  ice  types  grown  \mder  wavy  conditions .  The  brightness 
temperatures  (T^'s)  span  the  range  from  open  water  to 
thick  first-year  (FY)  ice.  Since  the  footprint  size  for  each  of 
these  observations  was  about  5  m  across,  small  but  decreas¬ 
ing  amounts  of  open  water  between  the  psincakes  were 
included  in  the  raiometer’s  field  of  view.  Observed  signa¬ 
ture  development  thxis  combines  changes  due  to  ice  growth 
with  changes  due  to  increasing  ice  concentration. 


Corresponding  observations  were  carried  out  during  an 
experiment  in  the  Weddell  Sea  [Comiso  et  al,,  1989]  over 
areas  where  bare,  rafted,  and  snow-covered  nilas  covered 
most  of  the  area  around  the  ship.  The  emissivities  for  nilas 
were  within  0.05  to  0.2  of  the  values  for  FY  ice,  consistent 
with  laboratory  results.  The  results  at  18  and  90  GHz,  for 
example,  showed  several  clusters  associated  with  thin  ice 
(Figure  14-7,  labeled  new  ice)  that  were  due  to  undisturbed 
and  rafted  areas  with  different  amounts  of  snow  cover.  In 
this  case,  the  brightness  temperatures  were  tightly  grouped 
rather  than  spread  out  evenly  between  open  water  and 
first-year  ice  as  in  Figure  14-6. 

The  polarization  ratio,  PR{v)  =  [Tb  (v,  V-pol)  -  7b(v, 
H-po1)]/[Tb(v,  V-pol)  +  Tb(v,  H-pol)],  where  H-  and  V-pol 
denote  horizontal  and  vertical  polarization,  respectively,  is 
also  used  to  indicate  thin  ice  in  SMMR  and  SSM/I  imagery. 
It  was  selected  on  the  basis  of  observed  differences  between 
open  water  and  thick  ice.  During  new  or  yoimg  ice  growth 
PR  V  decreases  from  open  water  values  near  0.3  to  young  ice 
values  of  about  0.1  [Grenfell  and  Comiso,  1986].  This  is 
shovm  in  detail  in  Chapter  9,  and  is  determined  by  the 
relative  contributions  to  the  total  reflectivity  of  the  upper 
and  lower  surfaces  of  the  ice.  Both  surface  eind  aircraft 
observations  in  the  Bering  Sea  (Figure  14-8)  show  a  similar 
behavior  [Cavalieri  et  al.,  1986]  as  do  satellite  results  from 
the  Chukchi  Sea  and  northern  Baffin  Bay  [Steffen  and 
Maslanick,  1988;  Carsey  and  Pihos,  1989;  Steffen,  1991]. 

SSM/I  data  from  the  Bering  Sea  [Cavalieri,  1988]  shown 
in  Figure  14-9  indicate  clustering  in  the  circled  region, 


Fig.  14-6.  Cluster  observations  of  some  thin  ice  types  and  first-year 
ice  from  MIZEX*87  in  the  northern  Greenland  Sea  [GrenfeU,  T.  C. 
and  D.  L.  Bell,  unpublished,  University  of  Washington,  Seattle, 
Washington,  1988].  V-pol  observations  are  at  a  nadir  angle  of  50°. 


89 


296  CONSroERATIONS  FOR  MiCROWAVE  REMOTE  SENSING  OF  ThIN  SeA  ICE 


where  GR(vl ,  v2)  =  [Tb(  v2,  V-pol)-  Tb(  vl ,  V-po1)]/[Tb(  v2,  V- 
pol)  +  Tj5(  vl ,  V-pol)].  The  density  of  points  in  this  cluster  is 
higher  during  the  presence  of  polynyas  and  appears  to 
indicate  the  presence  of  young  ice.  A  recent  analysis  of  thin 
ice  [Wensman,  1991]  gives  growth  trajectories  of  undis¬ 
turbed  young  ice,  for  which  representative  results  are 
shown  in  Figure  14-10.  Growing  ice  passes  quickly  through 
the  early  phase,  but  moves  much  more  slowly  toward  the 
end  of  the  sequence  just  when  the  signatures  lie  within  the 
area  defined  by  the  oval  in  Figure  14-9.  Although  young  ice 
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Fig.  14-7.  Scatter  plot  of  emissivities  for  thin  ice  obtained  dining 
the  winter  of  1986  in  the  Weddell  Sea.  New  ice  indicates  nilas  in 
different  stages  of  development — undisturbed  and  overthrusted 
with  and  without  snow  cover. 
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Fig.  14-8,  Polarization  ratio  for  combined  aircraft-based  and 
surface  observations  in  the  Bering  Sea  [Cavalieri  et  al.,  1986].  The 
nadir  angle  is  45  . 
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Fig.  14-9.  Cluster  plot  of  preliminary  data  from  SSM/I  during 
January.  The  cluster  of  points  in  the  oval  are  from  the  Bering  Sea 
in  January  1988. 


PR  (18  GHz) 

Fig.  14-10.  Results  for  new  ice  from  the  northern  Greenland  Sea 
(CEAREX’89)  and  for  young  ice  at  the  CRREL  pond  (CRREL’90). 
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may  not  account  for  all  the  points  within  the  oval,  it 
apparently  clusters  there.  A  recent  aircraft  study  also 
found  a  similar  result  over  the  Beaufort  Sea  for  100%  ice 
concentration  [Drinkwater  et  al.,  1991a]. 

The  work  by  Wensman  [1 991  ]  also  presents  a  supervised 
principal  component  analysis  that  strongly  suggests  that 
imder  favorable  conditions  both  yoimg  and  new  ice  can  be 
distinguished  using  passive  microwave  data.  The  separa¬ 
tion  of  new  and  yoimg  ice  in  principal  component  space  is 
illustrated  in  Figure  14-11  based  on  data  from  the  Cold 
Regions  Research  and  Engineering  Laboratory  (CRREL) 
pond  experiment  and  Coordinated  Eastern  Arctic  Research 
Experiment  (CEAREX).  A  thin  ice  algorithm  based  on  this 
analysis  and  applied  to  SSM/I  data  appears  to  explain  quite 
well  the  ice  distribution  for  a  test  case  from  the  Bering  Sea. 
Further  development  is  needed,  however,  before  this  tech¬ 
nique  can  be  used  operationally. 

14.4.2  Radar 

Studies  of  radar  signatures  of  thin  ice  have  also  become 
available  recently.  Figure  1 4-1 2(a)  shows  combined  results 
from  a  progression  of  surface-based  backscatter  cross  sec¬ 
tions  at  C-  and  X-bands  from  open  water  through  thick  ice 
covering  a  dynamic  range  of  about  20  dB  [R.  G.  Onstott, 


_ + _  CRREL*90  GROWTH 

Fig.  14-11.  Principal  components  derived  from  a  10-channel  data 
set  consisting  of  dual-polarization  brightness  temperatures  from  6 
to  90  GHz. 


personal  communication,  1991].  Minima  are  found  for 
grease  and  frazil  ice  about  0.02-m  thick  and  for  medium 
first-year  ice,  and  there  is  a  strong  maximum  for  0.05-  to 
0.3-m  thick  ice,  which  spans  the  range  from  hght  nilas  to 
young  ice.  Corresponding  results  from  Soviet  satellite 
observations  using  the  X-beind  side-looking  real  aperture 
radar  on  Cosmos  1500  [Nazirov  et  al.,  1990]  are  shown  in 
Figure  14-1 2(b)  for  the  eastern  Arctic.  These  results  depict 
the  optical  density  of  the  imagery  that  is  approximately 
proportional  to  scattering  in  decibels.  These  results  show 
the  same  strong  maximum  for  gray  nilas  as  Onstott^s 
results.  Another  broad  minimum  is  evident  for  FY  ice,  after 
which  the  scattering  undergoes  a  gradual  increase,  and 
finally  a  strong  jump  for  MY  ice.  Nazirov  and  coworkers 
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Fig.  14-12.  (a)  Radar  backscatter  sequence  for  FY  ice.  Combined 
surface  backscatter  cross  sections  at  C-  and  X-bands’  W  and  HH 
polarizations  showing  the  progression  from  open  water  through 
thick  ice.  (b)  Satellite  real-aperture  backscatter  observations  at 
9.7-GHz  W  pol  from  Cosmos  1500  showing  the  same  progression 
from  open  water  through  thick  ice.  The  dynamic  range  is  not 
reported,  but  can  be  inferred  relative  to  the  jump  from  thick  FY  to 
MY  ice. 
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quote  results  for  calm  open  water  with  lower  scattering 
than  for  new  ice,  while  Onstott  shows  results  for  roughened 
water. 

The  maximum  for  nilas  in  Figure  14-12(a)  is  related  to 
the  presence  of  frost  flowers  whose  density  can  become 
quite  high  and  blanket  the  entire  surface.  The  individual 
flowers  (Figure  14-13)  are  large  enough  to  present  a  signifi¬ 
cant  cross  section  to  radar  radiation,  but  their  density  and 
the  size  of  the  dendrites  indicates  that  they  should  be 
transparent  at  frequencies  up  to  at  least  X-band.  However, 
frost  flowers  can  also  affect  the  near-surface  brine  distribu¬ 
tion  [Grenfell  and  Comiso,  1986;  Drinkwater  and  Crocker, 
1988]  and  are  frequently  characterized  by  a  lump  at  the 
base  due  to  wicking  of  surrounding  brine  from  the  ice 
surface  and  subsequent  metamorphism  (as  can  be  seen 
directly  in  Figure  14-13).  These  structures  are  sufficiently 
large  and  have  a  high  enough  dielectric  constant  to  present 
a  significant  enhancement  in  the  radar  cross  section.  The 
second  minimum  for  thicker  ice  is  attributed  to  further 
densifying  of  the  frost  layer  due  to  snow  accumulation 
combined  with  an  increase  in  brine  volume  due  to  the 
thermal  insulation.  This  brine  could  be  partly  incorporated 
into  the  snow  by  capillary  action  and  would  introduce 
attenuation  to  mask  the  rough  interface. 

Aircraft  SAR  observations  at  P-,  L-,  and  C-bands 
[Drinkwater  et  al.,  1991b;  Winebreimer,  D.  P.  and  L.  D. 
Farmer,  On  the  L-band  polarimetric  SAR  response  to  ice 
thickness  in  new  and  thin  sea  ice  types.  Journal  of  Geo¬ 
physical  Research,  in  preparation]  were  carried  out  over  the 
Beaufort  and  Bering  Seas  during  March  1988.  These 
studies  confirm  the  strong  influence  of  frost  flowers  and 
indicate  that  their  absence  results  in  the  near  disappear¬ 
ance  of  the  maximum  of  cfor  nilas.  They  also  show  that  at 
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Fig.  14-13.  A  single  frost  flower  on  growing  young  ice  observed 
during  LEADEX*91.  (Courtesy  of  R.  G.  Onstott.) 
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Fig.  1444.  Comparison  of  microwave  observations  for  selected  ice 
t3q)es  measured  during  MIZEX’87  in  the  northern  Greenland  Sea 
in  early  spring. 

Lrband,  both  the  ratio  of  backscatter  cross  sections,  Ovv/c^, 
and  the  copolar  phase  are  sensitive  to  certain  thin  ice  types. 
To  first  order,  the  ratio  Ovv/<7hh  depends  on  the  dielectric 
constant  of  the  scattering  material  and  not  on  surface 
roughness,  and  values  for  thin  ice  are  between  those  of  open 
water  and  FY  ice. 

Some  surface  and  aircraft-based  comparisons  of  radio- 
metric  and  radar  data  for  thin  ice  from  MIZEX'87  [Tucker 
et  al.,  1991]  show  that  selected  combinations  of  active  and 
passive  gradient  ratios  appear  to  separate  nilas  and  pan¬ 
cake  ice  from  open  water  and  FY  ice  (Figure  14-14).  Al¬ 
though  these  data  were  for  a  few  selected  sites  for  which  the 
ice  properties  had  been  extensively  measured,  the  distinct 
ice  t3q>es  were  clearly  identified.  More  data  are  needed  to 
test  the  robustness  of  this  result. 

Passive-active  comparisons  have  been  reported  for  the 
Bering  Sea  in  1988  from  NASA  DC-8  observations.  Cross¬ 
polarization  scattering  cross  section  (oirv)  versus  Tb 
(37  GHz,  V-pol)  reported  by  Drinkwater  et  al.  [1991a]  are 
shown  in  Figure  14-1 5(a).  The  young  ice  is  separated  as 
indicated  from  the  locus  of  points  for  varying  concentrations 
of  small  first-year  floes  and  open  water  (squares)  by  more 
than  20  K  in  Tb  and  4  dB  in  ouv*  This  locus  is  curved  be¬ 
cause  the  contribution  to  scattering  by  floe  edges  is  not 
directly  proportional  to  concentration  and  hence  to  Tg.  Dual¬ 
frequency  radar  data  at  like  polarizations,  including  one 
very  low  frequency,  also  separate  out  the  young  ice.  Fig¬ 
ure  1 4-1 5(b).  The  decrease  in  scattering  cross  section  by  the 
young  ice  suggests  that  frost  flowers  were  not  present  in 
this  case. 
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Tq  at  37  GHz  V  pol.  K 


Relative  ghh  ^t  0.44  GHz ,  dB 

Fig.  14-15.  Comparison  of  relative  radar  backscatter  at  5.3  GHz 
and  (a)  HV  and  (b)  W  pol  measured  by  aircraft  over  the  Bering  Sea 
MIZ  on  March  21, 1988. 


14.4.3  The  Influence  of  Ice  Structure  on  Microwave  Signa¬ 
tures 

In  addition  to  total  ice  thickness  and  bulk  salinity, 
several  phenomena  related  to  the  small-scale  structure  of 
the  surface  layers  are  important  in  modulating  the  micro- 
wave  signatures  of  thin  ice.  The  first  class  of  effects  includes 
those  that  affect  the  brine  volxime  of  the  ice  that  in  turn  can 
modify  the  permittivity  quite  strongly.  These  effects  com¬ 
bine  considerations  of  both  temperature  and  salinity.  One 
of  the  most  important  of  these  is  the  existence  of  a  highly 
saline  surface  layer  where  the  salinities  can  exceed  80  ppm. 
This  gives  rise  to  a  very  high  brine  content  that  has 
produced  detectable  changes  in  [Grenfell  and  Comiso, 
1986;  Wensnahan  et  al.,  1992].  This  surface  layer  is  known 
to  exhibit  horizontally  spatial  inhomogeneity.  Other  con¬ 
siderations  that  influence  the  salinity  are  the  ice  growth 


rate  and  whether  the  growth  occurs  imder  quiescent  or 
wavy  conditions  [Weeks  and  Ackley,  1986].  A  second  class 
of  significant  effects  consists  of  those  that  affect  the  surface 
roughness,  including  the  growth  of  frost  flowers  and  the 
occurrence  of  ridging  or  overthrusting. 

The  importance  of  snow  cover  for  ice  signatures  is  com¬ 
plex  (Chapter  16).  Snow  cover  on  thin  ice  affects  both  the 
salinity  distribution  and  the  surface  roughness.  It  insu¬ 
lates  the  ice,  increasing  the  temperature,  but  also  acts  to 
wick  up  the  extra  brine,  and  as  metamorphism  proceeds  can 
introduce  significant  surface  roughness  [Lohanick,  per¬ 
sonal  communication,  1990].  If  the  snow  cover  is  thick 
enough,  it  can  submerge  the  ice  and  cause  flooding  [Weeks, 
1976;  Wadhams  et  al.,  1987;  Eicken  and  Lange,  1989; 
Tucker  et  al. ,  1 991  ] .  Recent  laboratory  measurements  have 
demonstrated  that  each  of  these  effects  can  modify  the 
microwave  signatures  of  thin  ice  (for  more  detail  see  Chap¬ 
ter  9),  but  it  remains  to  show  how  to  characterize  the  effects 
in  general. 

14.5  Implications  for  Satellite  Algorithms 

Operational  satellite  algorithms  that  do  not  accoimt  for 
thin  ice  can  produce  significant  errors,  particularly  in  MIZ. 
For  example,  thin  ice  has  a  high  enough  PR  to  look  like  almost 
30%  open  water,  and  this  offers  a  potential  explanation  of 
certain  ambiguities  in  the  interpretation  ofboth  SMMR  and 
SSM/I  data.  There  are  frequent  occurrences  in  the  satellite 
records  of  low  ice  concentration  events  during  midwinter 
persisting  over  very  long  time  periods  compared  to  known 
ice  growth  rates.  Present  evidence  suggests  that  these  low 
concentration  areas  may  include  extensive  amoimts  of  thin 
ice.  Thin  ice  might  also  accouint  for  part  of  the  jump  in  ice 
extent  during  the  transition  from  ESMR  to  SMMR  in  the 
course  of  the  15-year  record  of  Arctic  Sea  ice  from  1973  to 
1987  analyzed  by  Parkinson  and  Cavalieri  [1989].  This 
jump  is  most  noticeable  in  the  Kara,  Barents ,  and  Greenland 
Seas  and  the  Sea  of  Okhotsk  where  higher  abxmdances  of 
thin  ice  are  expected. 

The  trajectories  of  brightness  temperature,  emissivity, 
and  backscatter  cross  section  for  thin  ice  during  growth 
show  behavior  that  suggests  that  Tq,  e,  and  <f  vary  inde¬ 
pendently  to  some  degree.  The  maximum  scattering  coeffi¬ 
cients  due  to  frost  flower  formation,  for  example,  do  not 
appear  to  have  a  corresponding  expression  in  the  emissivity 
data. 

Even  though  the  number  of  different  processes  that  can 
modify  the  ice  structure  may  appear  to  be  large,  satellite 
imagery  suggests  that  the  microwave  signatures  develop  in 
relatively  reproducible  orderly  sequences,  and  that  some 
measure  of  ice  thickness  resolution  is  practical.  Thus, 
although  the  relative  importance  of  the  various  physical 
processes  is  not  yet  well  understood,  these  processes  prob¬ 
ably  occur  in  regular  progression  and  give  relative  statisti¬ 
cal  homogeneity  over  large  areas. 

From  the  point  of  view  of  ice  dynamics  and  mass  balance, 
even  a  single  additional  thin  ice  category  would  greatly 
improve  our  present  understanding  of  the  ice.  More  resolv- 
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able  categories  would  correspondingly  improve  the  defini¬ 
tion  of  the  thickness  distribution. 

14.6  Potential  for  Multisensor  Data 

These  studies  of  thin  ice  indicate  that  additional  infor¬ 
mation  is  available  from  radiometer  imagery.  ESMR  and 
SMMR  have  identified  areas  where  thin  ice  should  be 
found,  but  techniques  capable  of  resolving  thin  ice  types 
have  not  yet  succeeded  in  producing  imambiguous  retriev¬ 
als.  The  improved  spatial  resolution  and  radiometric  pre¬ 
cision  of  SSM/I  have  produced  some  promising  results,  and 
analysis  based  on  surface  observations  has  also  made 
progress  in  that  regard.  Progress  in  thin  ice  identification 
should  further  benefit,  though,  by  comparison  with  data 
from  other  types  of  sensors  in  combination  with  theoretical 
studies.  On  the  basis  of  results  presented  here,  it  appears 
that  it  is  precisely  for  thin  ice  that  the  combination  of  active 
and  passive  imagery  has  the  greatest  potential. 

Additional  sensors  exist  that  should  assist  in  improving 
the  resolution  of  thin  ice  types.  In  the  visible  and  near 
infrared,  ice  signatures  respond  to  different  physics  than  at 
microwave  frequencies  because  the  scattering 
inhomogeneities  are  much  Isirger  than  the  wavelength. 
Upwelling  solar  radiance  above  the  ice  is  determined  pri¬ 
marily  by  multiple  scattering  and  the  entire  volume  of  the 
ice  can  contribute.  Snow  cover  is  very  important  and  masks 
the  underlying  ice  if  it  is  thicker  than  a  few  centimeters.  In 
the  thermal  infrared,  sea  ice  and  snow  act  as  blackbodies 
and  observations  at  these  wavelengths  would  be  useful  for 
determining  the  changes  in  surface  temperature  associated 
with  ice  growth.  Visible,  infrared,  and  microwave  signa¬ 
tures  will  not  be  completely  independent,  however,  because 
the  physical  properties  that  determine  them  are  linked.  For 
example,  brine  pocket  size  and  density,  snow  cover,  surface 
roughness,  and  ice  thickness  change  together  as  the  ice 
ages. 

14.7  Future  Directions 

Thin  sea  ice  can  occur  in  substantial  quantities,  and  it 
appears  that  the  technology  to  detect  thin  ice  is  becoming 
available.  Ambiguities  in  interpretation,  however,  are  still 
present.  Current  Umitations  stem  from  spatial  resolution, 
instrument  accuracy,  and  analysis  techniques.  Develop¬ 
ments  in  these  areas  include  regional  cluster  analysis, 
Kalman  filtering  analysis,  principal  component  analysis, 
and  image  texture  analysis  (see  Chapters  4, 12,  and  23). 

Understanding  the  small-scale  structure  and  develop¬ 
ment  of  the  surface  layers  with  and  without  snow  cover  is 
important  in  interpreting  the  microwave  signatures  of  thin 
ice,  but  many  of  the  details  remain  to  be  investigated.  The 
transition  from  the  signature  of  young  ice  to  that  of  FY  ice 
is  also  poorly  understood.  These  topics  should  have  high 
priority  in  future  investigations. 

Development  of  new  satellite  microwave  sensors  with 
higher  spatial  resolution  is  needed.  In  addition  to  SAR, 
lightweight  large-aperture  interferometric  radiometers  are 


imder  development,  and  they  can  achieve  surface  resolu¬ 
tions  near  one  kilometer.  Lower-frequency  microwave 
observations  should  also  be  explored  because  of  their  im¬ 
proved  penetration  depth,  reduced  sensitivity  to  volume 
scattering  by  inhomogeneities,  and  greater  sensitivity  to 
the  brine  content  of  the  ice.  The  required  technology  is 
practical  now,  and  we  expect  considerable  progress  in  the 
near  future. 
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24.1  Introduction 

To  date,  conventional  microwave  radar  studies  of  sea  ice 
have  enabled  scattering  characteristics  of  saline  ice  to  be 
measured  for  particular  sets  of  radar  parameters,  such  as 
frequency,  incidence  angle  (0j),  and,  foremost,  polarization. 
Radar  polarimetry  employs  a  methodology  that  allows 
simultaneous  measurement  of  the  radar  backscatter  from  a 
given  surface  at  a  number  of  different  polarizations.  The 
goals  of  polarimetry  are  to  improve  geophysical  property 
retrievals  and,  in  the  near  term,  improve  the  estimate 
accuracy  using  single-channel  radar  techniques. 

Technology  has  traditionally  limited  the  number  of 
variable  parameters.  Generally,  a  single  antenna  has  been 
used  for  both  signal  transmission  and  reception  (i.e., 
monostatic  radar)  with  either  vertical  (v)  or  horizontal  (h) 
fixed  polarization.  In  most  cases,  the  radar  system  was 
incoherent  and  did  not  preserve  phase  information  (i.e., 
recording  only  the  magnitude  of  the  complex  scattered  field 
vector).  With  advances  in  available  technology,  practical 
airborne  imaging  with  polarimetric  synthetic  aperture  ra¬ 
dar  (SAR)  is  now  being  conducted  [Zebker  and  van  Zyl, 
1991]  and  new  airborne  systems  are  under  development 
[Livingstone  et  al.,  1990].  Not  only  do  these  systems  have 
frequency  diversity  (multiple  channels  at  P-,  Lr,  C-,  and 
X-bands),  but  they  also  have  polarization  diversity  (allow¬ 
ing  reception  of  both  the  transmission  polarization  and  its 
orthogonal)  and  poieirimetric  capability  (where  phase  in¬ 
formation  is  also  recorded).  Polarimetric  radar  selects  h 
and  V  transmission  and  reception  polarizations,  simulta¬ 
neously  recording  all  combinations  of  linear  polarizations 
(i.e.,  hh,  hv,  vh,  and  w).  Thus,  the  unknown  complex 
scattered  electromagnetic  vector  is  sampled  in  two  or¬ 
thogonal  directions  so  as  to  completely  characterize  the 
backscattered  field. 
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The  wave  transmitted  by  a  radar  polarimeter  can  be 
considered  a  monochromatic  and  completely  polarized  plane 
wave.  In  contrast,  a  scattered  signal  is  seldom  completely 
polarized  when  observed  as  a  function  of  time  or  space. 
Tjq^ically  backscatter  originates  from  a  statistically  random 
surface  made  of  distributed  scattering  centers  or  facets. 
The  resulting  polarimetric  response  then  comprises  a 
superposition  of  a  large  number  of  waves  with  a  variety  of 
polarizations.  For  complete  discussions  on  aspects  of  wave 
polarization,  the  reader  is  referred  to  Ulaby  £ind  Elachi 
[1990]  and  Kong  [1990]. 

24.2  Polarimetric  Data  and  Definitions 

Forbackscatteringfrom  a  discrete  target,  the  transmitted 
and  received  field  vectors  a^  uniquely  related  through  the 
complex  scattering  matrix  S,  where 

O  =  (1  ) 

I  Srt !  is  the  magnitude  of  the  scattering  matrix  element, 
and  is  the  relative  phase  information  for  (t)  transmit  (r) 
receive  polarization.  Since  in  all  operational  imaging  pola- 
rimeters  the  polarizations  are  linear  and  fixed  by  the 
antennas,  the  commonly  used  subscripts  h  and  v  refer  to  the 
horizontal  and  vertical  transverse  polarized  components  of 
the  transmitted  and  received  electric  field.  Each  element  of 
the  scattering  matrix  is  a  function  of  the  frequency  and  the 
scattering  and  illumination  angles.  A  polarimetric  radar 
essentially  measures  S  for  every  pixel  or  resolution  element 
within  an  image 

Es=  e-^T^'-(kr)-^SEi  (2) 
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where  k  is  the  wave  number,  r  is  range,  and  Ej  and  are 
the  incident  and  scattered  field  vectors,  respectively.  The 
backscattered  signal  from  sea  ice  is  a  vector  sum  of  waves 
with  a  variety  of  polarizations  from  numerous  randomly 
positioned  scatterers.  The  SAR  polarimeter  provides  a 
measure  of  the  mean  field  components  of  the  resulting 
partially  polarized  wave  in  each  pixel.  The  effective  back- 
scattering  coefficient  is  then  defined  fi^om  elements  of 
the  scattering  matrix 


(3) 

A 

where  A  is  the  illuminated  area,  *  denotes  the  complex 
conjugate,  and  (  )  denotes  the  ensemble  averages  of  a 
number  of  pgels.  Two  equivalent  forms  for  displaying  the 
elements  of  S  in  terms  of  the  SAR-recorded  complex  pola- 
nmetric  backscattering  informa^on  are  the  Stokes  matrix 
M  and  the  covarimce  matrix  C — ^both  representations 
consist  of  linear  combinations  of  the  cross  products  of  the 
four  elements  of  S.  Importantly,  each  form  exphcitly  char¬ 
acterizes  the  polarimetric  scattering  properties  of  the  sea 
ice,  thereby  enabling  synthesis  of  the  backscattered  power 
for  arbitrary  transmission  and  reception  polarizations.  Po¬ 
larization  synthesis  expressions  are  given  by  Zebker  and 
van  Zyl  [1 991  ] ,  and  further  discussion  of  the  Stokes  matrix 
for  sea  ice  is  contained  in  Drinkwater  and  Kwok  [1991]. 

It  is  most  convenient  to  convey  the  backscatter  in  terms 
of  ensemble  averaged  properties  of  a  group  of  pixels  in  the 
covariance  matrix  form 


C  = 


( Shh  Shh )  ( «Skh  Siv ) 

(iSiviSih)  (SivSiiv) 
_  ( Syy  Shh. )  ( Svv  Shv ) 


(Sihf^v) 
(SivJ&rv) 
( Svv  Sw  ) 


(4) 


This  three-by-three  Hermitian  matrix  fully  characterizes 
the  polarimetric  scattering  properties  of  a  distributed 
scattering  target  such  as  sea  ice.  It  is  assumed  that  the 
surface  satisfies  the  reciprocity  relation  where  Shv = Syh-  For 
practical  purposes,  one  of  the  cross-polarized  components  of 
the  scattering  matrix  is  ignored  and  the  scattering  matrix 
is  made  S3mametrical.  In  doing  so,  the  mean  phase  imbal¬ 
ance  between  transmission  and  reception  (in  both  h-  and 
v-poleuized  antennas)  is  removed.  This  difference  must  be 
recorded  for  use  during  subsequent  cross-channel  phase 
balancingofimages.  Such  a  procedure  is  typical  in  generating 
the  standard  compressed  data  format  for  the  National 
Aeronautics  and  Space  Administration,  Jet  Propulsion 
Laboratory  (NASA-JPL)  synthetic  aperture  radar  (SAR) 
polarimeter  [Zebker  and  van  Zyl,  1991]. 

24.3  Polarimetric  Discriminants 


Polarimetric  parameters  in  this  section  are  chosen  to 
characterize  the  polarimetric  signature  of  particular  ice 


types.  The  term  polarimetric  discriminants  here  appHes  to 
combinations  of  elements  of  the  matrix  C  that  describe  the 
polarimetric  response.  In  this  section,  several  discrimi¬ 
nants  are  introduced,  namely:  span,  like-polarized  (co-pol) 
and  cross-polarized  (cross-pol)  power  ratios,  phase  difference, 
correlation  coefficient,  and  fractional  polarization.  Multi¬ 
frequency  data  from  JPL  and  the  Environmental  Research 
Institute  of  Michigan  (ERIM)  SAR  polarimeters,  acquired 
in  March  1988  and  March  1989,  respectively,  are  used  to 
illustrate  examples  of  the  variation  in  these  discriminants 
for  particular  Arctic  ice  types. 

Figure  24-1  shows  a  C-band  sea  ice  image  with  five 
sample  boxes.  Contextual  clues  auid  the  polarimetric  re¬ 
sponse  of  this  Beaufort  Sea  ice  indicates  that  there  is  a 
mixture  of  multiyear  (MY)  and  first-year  (FT)  ice.  Boxes  1 
and  3  are  fi^om  large  MY  floes,  while  box  2  is  from  an  area 
of  ridged  and  rafted  FY  ice.  The  relatively  dark  response  of 
boxes  4  and  5  indicates  mechanically  undisturbed  and 
likely  smoother  FY  ice  that  formed  in  cracks  in  the  large  MY 
floes.  The  brighter  tones  of  the  MY  ice  are  explained  by 
volume  scatter  [Drinkwater, 1990;  Drinkwater  et  al.,  1 991a, 
1991b,  1991c],  as  examples  of  subsequent  polarimetric 
measures  testify.  All  ice  surfaces  in  this  scene  are  likely 
covered  by  a  veneer  of  dry  snow  [Wen  et  al.,  1989]. 

Figure  24-2  is  an  image  set  illustrating  polarization 
sensitivity  at  L-band.  These  images  are  10  x  10  km  with  a 
resolution  of  about  2  m,  and  varies  fi:om  30°  to  65°.  Data 
shown  in  Figures  24-1  and  24-2  illustrate  a  range  of  pola¬ 
rimetric  examples  spanning  frequencies  fi*om  X-band  to  P- 
band,  and  provide  the  basis  for  the  analyses  contained  in 
following  sections. 


Fig.  24-1 .  Three-frequency  total  power  image  acquired  by  the  JPL 
polarimeter  at  the  location  73°  1 3.4’  N 1 42n  ,1  ’  W  at  1 7:21 :26  GMT 
(i.e.,  08:21:26  local  time)  on  March  11, 1988,  in  the  Beaufort  Sea 
[Drinkwater  et  al.,  1991a],  These  data  are  overlayed  as  a  false- 
color  image,  with  the  C-band  in  blue,  L-band  in  green,  and  P-band 
in  red. 
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Fig,  24-2.  ERIM  L-band  (1 .25-GHz)  SAR  images  of  sea  ice  at  (a)  hh,  (b)  hv,  (c)  vh,  and  (d)  w  polarizations  from  the  Greenland  Sea  marginal 
ice  zone  during  March  1989.  The  surface  categories  indicated  are  open  water  (OW),  nilas  (NI),  grey  ice  (GY),  and  multiyear  ice  (MY). 
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24.3.1  Total  Power 

Absolute  calibration  is  not  possible  for  many  polarimet- 
ric  data,  owing  to  the  absence  of  in-scene  targets  with 
known  backscattering  characteristics.  Consequently,  rela¬ 
tive  measures  are  derived  using  frequency  and  polariza¬ 
tion.  One  such  measure  is  the  span,  which  represents  the 
total  power  in  the  scattered  field  at  a  particular  frequency 

SPAAT— (Shih'Sih)  +  ('SvvS(rv)  +  2  (ShviSiv)  (5) 

where  ( . )  denotes  ensemble  averaging  of  a  number  of  pixel 
values. 

Israelsson  and  Askne  [1991]  choose  examples  taken 
from  JPL  polarimeter  images  of  Beaufort  Sea  ice  using 
200-m^  samples.  They  contrasted  the  SPAN  values  for  FY 
and  MY  ice  at  three  frequencies  and  demonstrated  the  best 
discrimination  at  C-band  with  a  separation  of  10  dB. 
T3rpically,  SPAN  is  greater  for  MY  than  FY  ice  due  to  the 
fact  that  MY  ice  gives  an  additional  depolarized  component 
of  backscatter  along  with  the  predominantly  co-pol  returns 
from  FY  ice  of  equivalent  surface  roughness  (Chapter  8). 
The  proportion  of  depolarized  returns  is  significantly  larger 
at  C-band  than  at  L-  or  P-band,  leading  to  the  hypothesis 
that  some  component  is  derived  from  multiple  scattering  by 
bubbles  and  inhomogeneities  present  in  the  upper  layers  of 
old  ice  in  addition  to  second-order  rough  surface  scattering 
and  volume-siuface  interaction  effects.  Supporting  evidence 
for  volume  scattering  is  that  SPAN  is  less  sensitive  to  the 
incidence  angle  at  C-band,  in  direct  contrast  to  SPAN 
values  for  L-  and  P-bands,  each  of  which  decrease  with 
increasing  The  decrease  in  L-  and  P-bandSPAiV’ s  for  MY 
ice  between  25®  and  52°  is  between  10  and  1 5  dB,  in  contrast 
to  the  5-dB  decrease  at  C-band. 

24.3.2  Power  Ratios  Between  Channels 

Polarization  signatures  are  a  convenient  tool  for  three- 
dimensional  viewing  of  the  power  recorded  at  each  of  the 
polarimeter’s  transmit  and  receive  combinations  [Evans  et 
al.,  1 988].  However,  polarization  signatures  in  Drinkwater 
et  al.  [1991a]  and  Zebker  and  van  Zyl  [1991]  indicate  that 
sea  ice  backscattering  does  not  appreciably  transform  the 
polarization  of  linearly  polarized  transmitted  waves. 
Typically,  the  linear  h-  or  v-polarization  (hereafter  abbre¬ 
viated  to  h-  or  v-pol)  of  the  transmitted  waves  is  retained  for 
a  large  fraction  of  the  backscattered  signal.  Additionally, 
circularly  polarized  transmitted  waves  produce  negligible 
co-pol  returns  [Drinkwater  et  al.,  1991a].  For  most  geo¬ 
physical  media,  circularly  polarized  waves  are  depolarized 
most  effectively  [Zebker  et  al.,  1987].  Since  there  is  some 
degree  of  redxmdancy  in  the  information  contained  in 
nonlinear  polarizations,  linear  h-  and  v-  co-  and  cross-pol 
channels  can  be  reasonably  effective  in  characterizing  the 
polarization  signature  of  a  given  sea  ice  surface. 

Heterogeneity  of  scatteringmechanisms  between  pixels 
introduces  a  component  of  unpolarized  or  randomly  polar¬ 


ized  backscatter.  This  is  manifested  as  a  fraction  of  returns 
that  exhibit  diffuse  scattering,  characterized  by  rapidly 
varying  polarizations  from  pixel  to  pixel  (and  thus  widely 
differing  covariance  matrices  in  adjacent  resolution  ele¬ 
ments).  Generally,  complex  surfaces  or  anisotropic  or 
multiple-scattering  surface  layers  increase  this  unpolar¬ 
ized  fraction  of  the  backscatter.  Another  mechanism  con¬ 
tributing  to  such  an  effect  is  the  presence  of  system  noise, 
which  may  occur  at  low  backscatter.  This  circumstance  is 
only  really  t3q)ical  of  situations  of  smooth  young  ice  in  the 
far  range  [Kwok  et  al.,  1991a]. 

A  more  convenient  method  for  using  polarization  combi¬ 
nations  is  by  applying  channel  ratios.  Ratios  quantify  the 
difference  in  power  (in  decibels)  between  specific  polariza¬ 
tions  and  thus  characterize  the  full  pol|Lrization  signature. 
The  ratio  between  co-pol  elements  of  C  is 

(6a) 

(Svv  Svv) 

Similarly,  the  cross-pol  ratio  is 

[ShhShhJ 

The  depolarization  ratio  is  defined  as  the  ratio  of  cross-pol 
to  both  co-pol  channels 

fldepol=j - 2(ShvShv)  (6c) 

(  Shh  Shh  )  +  ( Syy  Syy ) 

24.3.2.1  Co-pol  ratio  distributions.  The  co-pol  ratio 
distributions  in  Figure  24-3  illustrate  how  the  hh-  and  w- 
pol  backscatter  varies  between  each  ice  type  with  frequency. 
Individual  pixel  ratios  are  shown  as  a  distribution,  rather 
than  by  deriving  a  mean  ratio  using  Equation  (6a).  The 
ratios  are  balanced  by  appl3dng  C-  and  Lr-band  correction 
factors  (-1.8  and  0.6  dB,  respectively)  based  upon  hh/w 
imbalance  calculations  from  radar  calibrations.  The  re¬ 
sulting  distributions  are  normalized  with  respect  to  the 
total  number  of  pixels  used  in  each  sample  box.  Model 
predicted  ratios,  based  upon  first-order  Bragg  scattering 
[Winebrenner  et  al.,  1989],  are  also  made  at  L-band  using 
typical  measured  properties  of  Beaufort  Sea  ice. 

C-band  consistently  has  the  widest  hh/w  ratio  distri¬ 
bution,  the  lowest  peak,  and  a  tail  extendingto  values  above 
1 .  This  appears  to  be  due  to  a  combination  of  greater  rough 
surface  scattering  as  the  wavelength  becomes  shorter  and 
the  apparent  surface  roughness  increases.  Figure  24-3 
indicates  the  broadest  spread  of  ratios  in  thick  FY  ice,  and 
the  narrowest  distributions  and  lowest  mean  ratios  for  thin 
FY  ice.  MY  ice  exhibits  an  intermediate  situation  where 
C-band  has  the  largest  variance,  but  L-  and  P-bands  show 
similar  distributions.  Based  on  this  evidence,  box  2  conforms 
to  the  characteristics  of  a  rough  surface  scatterer  at  all 
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Fig.  24-3.  Normalized  distributions  in  the  Beaufort  Sea  of  indi¬ 
vidual  hh/w  ratios  at  each  frequency  for  (a)  MY  ice  in  box  1, 
(b)  thick  FY  ice  in  box  2,  and  (c)  thin  FY  ice  in  box  5.  The  measured 
Lrband  mean  ratios  are  0.44, 0.6,  and  0.37  for  Figure  24-1  boxes  1, 
2  and  5,  respectively;  first-order  model  predictions  are  shown  for 
comparison. 


frequencies  [Drinkwater  et  aL,  1991a].  The  mean  C-band 
ratio  falls  close  to  -2.5  dB  (0.6)  for  samples  of  this  ice,  but 
at  L-  and  P-bands  generally  indicates  slightly  higher  values. 
The  Rhh/w  L-band  is  -2.2  dB,  which  is  greater  than  the 
predicted  value  of -3.9  dB  (0.41). 

In  contrast,  box  5  (Figure  24-3)  appears  to  be  a  smoother, 
higher  salinity  thin  FY  ice  surface  with  a  clustering  of  ratios 
less  than  0.5  (-3  dB).  Values  are  consistent  with  the  small- 
perturbation  scattering  theory  discussed  in  Chapter  8. 
First-order  predictions  suggest  that  w-pol  backscatter 
should  exceed  hh-pol  backscatter  for  smooth  surfaces  at 
these  incidence  angles.  The  corresponding  mean  hh/w 
ratios  at  each  frequency  become  smaller  as  the  wavelength 
or  6i  increases  and  as  the  ice  salinity  and  permittivity 
increases  [Winebrenner  et  al.,  1989].  The  i?hh/w  falls  close 
to  predictions  at  L-  and  P-bands  for  smooth  ice  with  a 
salinity  of  15%o  and  brine  volume  fraction  close  to  100%o, 

Box  1  demonstrates  an  intermediate  situation  and  the 
L-band  model  predicts  lower  mean  values  than  those  ob¬ 
served.  Penetration  depths  are  greater  in  MY  ice  and, 
consequently,  the  polarimetric  characteristics  are  some¬ 
what  different  than  those  observed  for  higher  salinity 
surfaces.  The  most  pervasive  of  all  observations  to  date  is 
that  MY  signatures  are  remarkably  stable  in  their  polari¬ 
metric  characteristics  at  L-  and  P-bands:  backscattered 
power  veiries  by  only  a  fraction  of  a  decibel. 

Figures  24-4(a)  and  (b)  show  the  trend  in  Rhh/w  for  FY 
and  MY  ice  as  6^  varies  from  32®  to  52®.  In  Figure  24-4(a), 
the  C-band  ratio  rises  with  increasing  0^,  with  the  ratio 
tendingtol  (i.e.,OdB)athigheranglesinFYice.  This  trend 
is  consistent  with  geometric  optics  scattering  from  floe 
edges  or  slope  facets  of  rough  FY  ice  at  higher  incidence 
angles  [Livingstone  and  Drinkwater,  1991].  In  contrast,  at 
Lrband  the  ratio  falls  with  6i  to  -4.0  dB  at  50®.  This  is 
consistent  with  the  predicted  L-band  ratio  at  50®  for  thick 
FYice[Onstott«taL,1991].  The  MYice  plot  inFigure  24-4(b) 
shows  C-band  ratios  to  have  negligible  gradient;  L-band 
ratios  for  the  same  ice  are  slightly  lower.  Both  sets  of  values 
fall  close  to  the  theoretical  surface  scattering  predictions  for 
MY  ice.  Volume  scattering  may  account  for  the  residual 
difference  and  that  the  C-band  ratio  is  closer  to  0  dB. 
Comparative  X-band  values  of  Rhh/w  observed  for  MY  by 
Onstott  et  al.  [1991]  indicate  a  mean  ratio  of  0  dB.  This  is 
also  consistent  with  the  general  trend  towards  a  mean  ratio 
of  0  dB  as  the  wavelength  decreases  and  the  volume  scatter¬ 
ing  increases. 

24.3,2,2  Cross-pol  ratios.  An  increase  in  Rhv/hh  2oid 
second-order  scattering  effects  generally  implies  anisot¬ 
ropy  in  the  surface  roughness  or  the  dielectric  structure  of 
the  FY  ice  (e.g.,  as  a  consequence  of  brine-inclusion  size 
and  orientation),  or  air  bubbles  and  inhomogeneities  in  MY 
ice.  In  Figure  24-4(a)  there  is  an  increase  in  the  FY  ratio 
with^j.  The  C-band  ratio  rises  from  around  — 15  dB  at  32®  to 
-11 .5  dB  at  52®.  Though  the  L-band  ratio  is  more  variable 
over  this  range,  a  similar  trend  is  reproduced  with  a  mean 
offset  of  -2  dB  throughout  the  20®  range.  Figure  24-4(b) 
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Fig.  24-4.  Cross-swath  C-  and  L-band  polarimetric  discriminant  statistics.  The  upper  panels  show  co-  and  cross-pol  ratios  in  the  Beaufort 
Sea  for  (a)  FY  and  (b)  MY  ice.  The  lower  panels  show  the  correlation  coefficient  p  between  hh-  and  w-pol  returns  and  the  corresponding 
fractional  polarization  (FP)  for  samples  of  (c)  FY  and  (d)  MY  ice. 


shows  a  contrasting  MY  situation  with  almost  uniform 
mean  ratios  at  each  frequency:  L-band  has  a  meani?hv/hh 
value  of  around -15.0  dB,  while  the  C-band  mean  is  around 
-10.0  dB.  Higher  C-band  MY  ice  cross-pol  ratios  of  around 
-9.5  dB  are  recorded  by  Drinkwateretal.  [1991a].  Notably, 
some  of  the  highest  cross-pol  ratios  have  been  observed 
for  thin  FY  ice  in  the  Beaufort  and  Bering  Seas;  certain 
L-  and  P-band  examples  result  in  values  of/2hv/hh  between 
-6.9  dB  and  -9  dB  [Drinkwater  et  al.,  1991a].  Box  4  in 
Figure  24-1  is  a  peirticularly  good  example  of  high  jRjiv/hh> 
having  L-  and  P-band  values  of -8.4  and-8.3  dB,  respectively. 
The  cross-pol  isolation  for  the  JPL  radar  system  is  aroimd 
—27  and— 1 7  dB  for  C-  and  L-band,  respectively.  Thus,  these 
measurements  are  well  within  the  sensitivity  range  of  the 
JPLSAR. 

At  X-band,  JRhv/hh  values  are  lowest  for  MY  ice  and  in¬ 
crease  as  the  surface  salinity  increases  [Onstott  et  al., 
1991].  In  contrast,  the  above  JPL  SAR  C-band  results  show 
that  Rhv/hh  is  highest  for  MY  ice,  generally  decreasing  the 
greater  the  salinity  of  the  surface.  Thick  FY  ice  has  a  mean 
C-band  ratio  of  —13,5  dB,  while  the  lowest  mean  cross-pol 
ratios  of — 14.7  dB  were  observed  for  what  is  suspected  to  be 
thin  frost-flowered  ice  [Drinkwater  et  al.,  1991a].  Notably 
these  latter  examples  also  have  the  largest  variability  in  the 
ratios.  At  L-band  the  reverse  is  true  with  MY  ice  exhibiting 
the  smallest  ratios. 


24.3.3  Co-pol  Correlation  and  Fractional  Polarization 

A  condition  for  fully  polarized  radar  backscattering  from 
natural  geophysical  targets  is  that  the  cross-pol  magnitude 
must  be  zero  andhh  and  wretums  perfectly  correlated  (i.e., 
ui^y).  The  correlation  coefficient  between  co-pol  elements 
ofC  is 


phhw  = 


_ (  SlV  «Svv  ) _ 

V  { iSih  Siih  \  S^y  Svy) 


(7) 


At  short  wavelengths,  FY  sea  ice  typically  has  high  cor¬ 
relation  coefficients  (tending  to  1  at  nadir).  Figure  24-4(c) 
illustrates  that  the  C-band  correlation  coefficient  generally 
falls  with  Oi  in  sea  ice  that  is  predominantly  surface  scat¬ 
tering,  and  at  an  increasing  rate  in  higher  salinity  ice.  In 
Figure  24-4(d),  MY  ice  demonstrates  slightly  lower  C-band 
values  of  Phhw  than  FY  ice,  due  to  the  depolarization  effects 
mentioned  in  Section  24.3.2.  MY  values  indicate  a  much 
smoother  and  gradual  monotonic  decline  with  Gener¬ 
ally,  the  longer  the  wavelength,  the  lower  the  sensitivity  of 
Phhw  to  surface  or  volume  scattering  effects.  Figure  24-4(d) 
illustrates  that  the  highest  correlations  (0.89  ^  Phhw  -  0.93) 
are  observed  at  L-band  for  MY  ice. 

The  fractional  polarization  (FP)  in  Figure  24-4  is  calcu¬ 
lated  from  a  sample  by  S3nithetically  varying  the  polariza¬ 
tion  state  and  by  recording  the  maximum  (Pmax) 
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minimum  (Pmin)  intensities  as  both  transmission  and  re¬ 
ception  polarizations  are  varied  [Zebker  et  al.,  1987].  The 
value  FP  is  then  calculated  from 


FP  = 


■Pmax~-Pn 


c+Pn 


(8) 


where  FP  is  a  measure  of  the  polarization  purity  of  the 
return;  thus,  for  lower  values  the  unpolarized  component  is 
greater  and  Phhw  is  reduced.  Figures  24-4(c)  and  (d)  illus¬ 
trate  that  FP  is  close  to  unity  at  L-band  for  both  FY  and  MY 
ice,  in  direct  contrast  to  other  geophysical  media  such  as 
forest  vegetation  where  values  of  FP  <  0.5  are  typical. 
Wavelength  effects  are  significant  and  as  the  wavelength  is 
reduced  to  C-bandFP  is  similarly  reduced.  The  value  ofFP 
falls  with  Oi  in  FY  ice  from  above  90%  to  around  82%,  while 
FP  in  MY  ice  is  consistently  lower  and  relatively  insensitive 
to  di.  The  lowest  C-band  values  of  FP  (around  0.8)  were 
observed  by  Drinkwater  et  al.  [1991a]  in  MY  ice.  Together 
with  correlation  coefficients  as  low  as  0.7,  this  indicates 
that  the  largest  fraction  of  unpolarized  returns  occiirs  in 
lower  salinity  ice,  and  is  probably  due  to  multiple  scattering 
from  bubbles  or  air-filled  inhomogeneities  in  the  upper  ice 
sheet. 


24,3.4  Phase  Differencing 

Relative  differences  in  phase  between  channels  are  im¬ 
portant  because  each  scattering  event,  either  at  reflective 
horizons  or  from  diffraction  by  particles  in  the  medium, 
transforms  the  relative  phase  of  co-pol  waves.  The  mean 
hh— w  phase  difference  is 


0  hh-vv  =  tan 


3  ( Siih  5vv ) 


(9) 


where  91  and  3  indicate  the  real  and  imaginary  parts,  re¬ 
spectively.  Normal  incidence  reflection  from  a  highly  con¬ 
ductive  material  such  as  sea  water  results  in  Sih-w  =  0  and 
extremely  low  variability  in  the  individual  pixel  phase 
difference.  More  complex  distributed  and  layered  targets 
such  as  sea  ice  often  produce  multiple  reflections  and 
sometimes  nonzero  values  of  The  hh-w  phase  dif¬ 

ference  for  a  planar  dielectric  is  also  known  to  increase  with 
Si.  This  arises  from  the  sensitivity  of  a  given  linear  polar¬ 
ization  orientation  to  a  particular  scattering  mechanism. 

The  co-pol  phase  difference  can  be  estimated  from 

the  first-order  Bragg  scattering  model.  Assuming  Fresnel 
reflection  from  a  simple  planar  dielectric  interface.  Equa¬ 
tion  (9)  reduces  to 


where  R  is  the  power  reflection  coefficient  at  h  and  v 
polarizations.  L-band  results  in  Onstott  et  al.  [1991]  indi¬ 
cate  that  for  MY  ice  is  predicted  to  be  zero  and  inde¬ 

pendent  of  If  the  surface  is  lossy,  the  co-pol  phase  term 
becomes  negative  and  with  increasing  negative  phase  dif¬ 
ference  with  increasing  The  higher  the  dielectric  con¬ 
stant  of  the  surface,  the  more  rapid  this  increase  becomes. 
Thus,  the  co-pol  phase  difference  in  the  range  of  45°  to  50° 
is  largest  for  open  water  and  typically  around— 5°  at  L-band 
[Onstott  et  al.,  1991]. 

Figures  24-5(a)  and  (b)  contrast  distributions  of  MY  and 
FY  ice  single  pixel  values  of  ^_w  at  C-band,  while  Fig¬ 
ures  24-5(c)  and  (d)  show  the  same  contrast  at  L-band. 
Results  of  comparing  MY  samples  across  the  swath  show 
that  distributions  of  ^-.yv  ^ave  zero  means  and  are  inde¬ 
pendent  of  0j,  thus  making  MY  a  good  target  for  relative 
phase  caUbration  within  a  scene  [Drinkwater  et  al.,  1991a]. 
The  spread  in  the  MY  ice  distribution  increases  with  de¬ 
creasing  wavelength,  indicating  that  at  sufficiently  short 
wavelengths  volume  scatter  from  inhomogeneities  intro¬ 
duces  mixed  phase  differences. 

Compared  with  MY  ice  examples,  the  FY  ice  in 
Figures  24-5(b)  and  (d)  shows  more  variability  in  ^hh-w 
Sample  boxes  2, 4,  and  5  from  Figure  24-1  indicate  means 
displaced  less  than  5°  from  zero,  but  which  are  within  the 
expected  phase  accuracy  of  ±5°.  At  C-band  the  variance  in 
differs  negligibly  between  ice  t3rpe,  but  at  L-band  the 
distribution  is  much  broader  for  FY  ice  than  for  MY  ice. 

Values  of  Phhw  shown  in  Figm-e  24-4(c)  and  (d)  are  closely 
related  to  the  hh-w  phase  distributions  in  Figure  24-5. 
Generally,  the  lower  Phhw  is  >  greater  the  variance  in  the 
phase  difference  and  the  smaller  FP  becomes.  This  situa¬ 
tion  is  characterized  by  the  differences  in  variance  in  L-  and 
C-band  MY  ice  co-pol  phase  distributions  shown  in  Fig¬ 
ures  24-5(a)  and  (c).  Figure  24-4(d)  indicates  that  the 
higher  L-band  values  of  phhw  result  in  a  much  narrower 
distribution  of  phase  difference,  as  in  Figure  24-5(c),  while 
the  lower  C-band  correlation  produces  a  much  broader 
spread,  as  in  Figure  24-5(a). 

24.4  Geophysical  Applications  of  Polarimetry 

Multifrequency  polarimetric  SARobservations,  together 
with  passive  microwave  imagery,  will  ultimately  yield  re¬ 
trievals  of  important  geophysical  ice  information.  In  this 
section,  preliminary  results  of  geophysical  importance  are 
presented.  Firstly,  different  types  of  thin  ice  and  open 
water  are  identified  using  polarimetric  observations.  Sec¬ 
ondly,  images  of  sea-ice  are  classified  using  the  polarimetric 
characteristics  presented.  Each  result  represents  an  im¬ 
provement  over  single-frequency,  single-polarization,  in¬ 
coherent  radar  observations  of  sea  ice. 


<l>  hh-vv  —  tan 


1 


3{fih/flv) 

.5R(i?h/i2v). 


24,4.1  Thin  Ice  and  Open  Water  Detection 

One  of  the  most  significant  problems  facing  single  channel 
microwave  techniques  is  their  poor  discriminationbetween 
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HH-VV  Phase  Difference,  deg  HH-VV  Phase  Difference,  deg 

Fig.  24*5.  Normalized  C-  and  L-band  hh-w  phase  difference  distributions  derived  from  single  pixel  values  from  the  boxes  in 
Figure  24-1.  Upper  panels  show  C-band  distributions  for  (a)  the  MY  and  (b)  FY  ice;  the  lower  panels  contrast  L-band 
distributions  of  the  same  (c)  MY  and  (d)  FY  examples. 


open  water  and  new  ice.  The  early  ice  growth  phase  is  of 
critical  significance  in  controlling  the  vigor  ofheat,  salt,  and 
vapor  fluxes  taking  place  at  the  surface  of  the  ocean.  Thus, 
it  is  of  particular  importance  to  establish  a  technique  for 
studying  transformations  in  the  ice  during  this  period. 

Polarization  ratioing  is  employed  as  a  means  of  dis¬ 
criminating  between  the  ice  and  liquid  phases  of  water 
[Winebrenner,  1990].  Providing  that  the  sea  ice  is  snow- 
free,  as  is  typically  the  case  for  yoimg  or  new  ice,  jRw/hh 
increases  with  9,-  at  a  rate  dependent  upon  the  complex 
dielectric  constant.  This  relationship  holds  best  for  L-  and 
P-bands  in  the  range  of  roughness  where  the  small-pertur¬ 
bation  theoiy  is  valid  (see  Chapter  8).  At  C-band,  the  model 
is  not  valid,  except  for  the  smoothest  surfaces  encountered. 


Thus,  to  first-order,  the  ratio  is  independent  of  rouglmess 
and  is  dependent  only  on  and  the  brine  volxune  fraction, 
and  thus  the  thickness  and  age  of  the  ice. 

Winebrenner  [1990]  showed  that  single-pixel  hh/w  ra¬ 
tios  are  noisy,  requiring  averaging  of  100  pixels  or  more. 
Kwok  et  al.  [1991a]  extended  this  approach  by  averaging 
20-by-20  pixel  windows  and  using  the  mean  ratio  and  the 
co-pol  correlation  to  estimate  and  correct  for  additional 
system  noise  effects.  Examples  demonstrate  L-band  ratios 
between  2  and  10  dB  in  the  range  of  25®  to  52®;  these  values 
are  consistent  with  theoretical  ratios  for  conditions  be¬ 
tween  open  water  and  thin  ice.  Confirmation  for  these 
findings  is  provided  by  collocated  33.6-GH2  passive  micro- 
wave  brightness  temperatures  [Drinkwater  et  al.,  1991b, 
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1 991  c].  The  mean  value  of  1 50  K  is  well  separated  from  the 
typical  cold  MY  radiometric  temperature  (170  K)  and  is 
more  consistent  with  the  signature  of  new  ice  or  open  water. 
One  example  of  ice-water  discrimination  is  to  use  the 
calibrated  L-band  ERIM  SAR  data  in  Figure  24-2  from 
the  Coordinated  Eastern  Arctic  Experiment.  Nilas  and 
open  water  are  each  observed  to  produce  weak  backscatter 
at  hh  pol  (-29.6  dB  for  nilas  and  -34.6  dB  for  water).  In 
the  w-pol  image  where  the  water  retiim  is  at  its  highest, 
the  backscatter  for  nilas  is  weaker  (-32.1  dB  for  nilas  and 
-27.9  dB  for  water)  and  closer  to  that  observed  at  hh  pol. 

Unique  thin-ice  signatures  have  been  observed  in  many 
images  acquired  in  the  Beaufort  Sea  by  the  JPL  SAR.  This 
ice  has  characteristically  bright  C-band  backscatter  ap¬ 
proaching  that  of  MY  ice,  while  having  relatively  low 
backscatter  at  L-band.  In  addition  to  the  high  w/hh  ratios 
noted  above,  a  further  effect  has  been  recorded.  Thin  ice 
forming  in  leads  is  found  to  cause  a  significant  phase  shift 
between  hh  and  w  returns,  particularly  at  L-band,  where 
values  of  -15°  to  -20°  were  noted  by  Kwok  et  al.  [1991a]. 
The  typical  correlation  coefficient  for  thin  ice  is  also  lower 
at  L-band  than  for  those  examples  observed  for  thick  FY  ice 
in  Figure  24-3.  At  C-band  though,  Phhw  is  more  consistent, 
with  values  for  FY  and  MY  ice  ranging  between  0.7  and  0.8. 
It  is  the  latter  clue  that  suggests  that  predominantly  rough 
surface  scattering  is  taking  place  at  C-band  while  L-band 
penetrates  the  ice  layer.  Phase  shifts  can  only  be  accounted 
for  by  a  finite  layer  thickness  effect  that  enables  interfer¬ 
ence  of  top-  and  bottom-scattered  signals.  Ice  salinities 
required  to  produce  the  observed  hh/w  ratios  and  the 
observed  phase  effects  are  high  and,  since  many  of  the 
observed  ratios  fall  between  the  predictions  for  a  thin  ice 
layer  and  open  water,  this  has  led  to  speculation  that  the 
upper  ice  surface  is  roughened  by  frost  flowers  high  in 
salinity. 

24.4.2  Feature  Use  in  Ice  Classification 

Polarimetric  procedures  for  ice  classification  have  been 
developed  that  utihze  both  magnitude  and  phase.  In  this 
final  section,  ice  classification  is  broken  into  two  stages: 
image  segmentation  using  polarimetric  image  statistics, 
and  labeling  or  tagging  of  the  subdivided  images  into 
surface  types. 

24.4.2.1  Image  segmentation.  Polarimetric  image  seg¬ 
mentation  requires  no  a  priori  information  about  sea  ice 
and  is  simply  based  on  the  statistical  distribution  of  the 
data.  Several  parameters  need  to  be  selected  prior  to 
segmentation,  e.g.,  the  number  of  image  classes  in  relation 
to  the  number  of  sea-ice  types  that  can  be  clearly  identified, 
and  the  dimension  and  nature  of  the  feature  vector  (com¬ 
bining  different  polarizations  and  frequencies). 

Selection  of  image  classes  can  be  done  either  in  a  super¬ 
vised  or  unsupervised  manner.  In  the  supervised  polari¬ 
metric  selection  scheme  used  by  van  Zyl  [1989],  image 
classes,  each  corresponding  to  distinct  polarimetric  scat¬ 
tering  behavior,  were  limited  to  single  bounce,  double 


bounce,  and  diffuse  scattering.  In  Rignot  and  Drinkwater 
[1 992],  selection  of  the  image  classes  was  unsupervised,  and 
was  instead  based  on  a  multidimensional  cluster  analysis  of 
the  polarimetric  covariance  matrix  data.  This  technique 
examines  less  than  1 0%  of  the  pixels  in  the  image ,  is  robust 
to  the  presence  of  image  speckle,  and  accounts  for  the 
distribution  of  each  sample  pixel  into  more  than  one  image 
class . 

Given  distinct  image  classes  and  their  polarimetric 
backscatter  characteristics,  various  methods  are  then 
available  to  segment  the  entire  polarimetric  radar  scene. 
Scattering  behavior  [van  Zyl,  1989],  single  discriminants 
(such  as  the  hh-w  phase  difference  or  the  hh/w  ratio),  or 
complete  polarimetiy  can  be  used.  A  fully  polarimetric 
maximum  likelihood  (ML)  Bayes  classifier  was  developed 
by  Kong  et  al.  [1988]  and  Lim  et  al.  [1988]  on  the  basis  that 
polarimetric  data  are  characterized  by  a  multivariate 
Gaussian  distribution.  Both  show  that  from  Monte  Carlo 
simulations  and  variotis  images  the  Bayers  classifier  pro¬ 
duces  better  results  than  those  obtained  using  single  po¬ 
larimetric  discriminants.  Van  Zyl  and  Zebker  [1990]  used 
this  method  for  ice  in  the  Beaufort  Sea.  They  found  that 
C-band  data  alone  give  excellent  discrimination  between 
FY  and  MY  sea  ice,  but  that  ridged  FY  ice  is  confused  with 
the  latter.  Though  P-  and  L-band  classifications  separate 
pressure  ridges  from  MY  and  FY  ice  types  better,  the  most 
accurate  classification  of  the  three  surface  types  is  achieved 
using  a  combination  of  all  three  frequencies.  Results 
obtained  from  the  ML  classifier  remain  noisy,  however,  and 
unsatisfactory  for  most  practical  applications.  Rignot  and 
Chellappa  [1992]  extended  the  ML  technique  with  what  is 
termed  the  maximum  a  posteriori  (MAP)  classifier.  In  the 
MAP  technique,  image  classes  are  not  assumed  to  have 
equal  a  priori  probabilities,  and  spatial  context  is  used  to 
improve  the  segmentation  results.  MAP  segmentation 
accuracy  is  typically  improved  by  10  to  20%  over  the  ML 
classifier.  Using  the  MAP  classifier,  Rignot  and  Drinkwater 
[1992]  extended  the  analysis  of  van  Zyl  and  Zebker  [1990] 
to  the  delineation  of  five  surface  types:  compressed  FY  ice, 
MY  floes,  FY  ridges  and  rubble,  undeformed  thick  FY  ice, 
and  thin  ice  (see  Figure  24-6).  Compressed  FY  ice,  which  is 
the  deformed  FY  matrix  that  holds  together  MY  ice  floes, 
and  the  hummocks  present  in  the  MY  ice  floes  are  clearly 
separated  from  other  ice  types  based  on  polarimetric  data 
and  coincident  passive  microwave  measurements.  Such 
compressed  ice  is  probably  extremely  thick,  rafted  FY  ice 
that  has  deformed  then  desalinated  due  to  its  higher  free¬ 
board.  The  best  overall  classification  results  are  in  dis¬ 
criminating  these  five  distinct  ice  types  (>90%  estimated 
accuracy)  using  combined  L-  and  C-band  fully  polarimetric 
data.  Notwithstanding  this  result,  certain  combinations  of 
two  frequencies  at  a  single  polarization,  or  of  two  polariza¬ 
tions  at  a  single  frequency,  yield  classification  accuracies 
that  are  only  slightly  lower  (84%  classification  accuracy 
\ising  Lrband  hh  and  w  pol  and  89%  classification  accuracy 
using  Lrband  hh  pol  and  C-band  w  pol). 
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■  COMF^RESSED  FIRST  YEAR  □  FIRST  YEAR  RIDGE/RUBBLE 

□  MULTIYEAR  D  FIRST  YEAR  SMOOTH 

□  THIN  ICE 


Fig.  24-6.  Fully  polarimetric  C-  and  L-band  MAP  classification  of 
five  ice  types  [Rignot  and  Drinkwater,  1992]. 


24.4,2,2  Improvements  in  the  labeling  of  segmented  im¬ 
ages.  The  final  classification  procedure  requires  labeling  of 
segmented  images.  Identifying  ice  that  demonstrates  simi¬ 
lar  polarimetric  characteristics  requires  a  priori  informa¬ 
tion  about  surface  properties  and  scattering  mechanisms. 
Most  segmentations  are  labeled  by  deductive  reasoning 
incorporating  minimal  surface  data  collected  at  ice  camps, 
contextual  information  from  patterns  and  the  shape  of 
features  within  the  images,  and  experience  from  image 
analysis. 

In  the  future,  the  required  a  priori  ice  information  may 
be  derived  from  two  sources:  surface  measurements  and 
model  simulation  data  (i.e.,  a  lookup  table  of  the  polarimet¬ 
ric  backscatter  characteristics  of  different  ice  types).  Clas¬ 
sifiers  need  to  be  constructed  such  that  modeled  polarimet¬ 
ric  responses  may  be  incorporated  in  the  classification 
procedure.  This  will  enable  not  only  classification  of  broad 
classes  of  ice  with  different  properties,  but  also  extraction  of 
geophysically  important  ice  variables. 

24.5  Discussion 

Knowledge  of  the  Stokes  or  covariance  matrices  allows 
us  to  synthesize  the  scattering  cross-section  for  all  possible 
transmission  and  reception  polarizations.  Polarization 
signatures  are  not  unique  in  that  different  combinations  of 
scattering  mechanisms  may  yield  the  same  polarization 
response.  However,  the  results  from  additional  polariza¬ 
tions  increase  our  present  capability  to  solve  for  the  geomet- 
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Fig.  24-7.  Classification  feature  space  for  (a)  C-band,  (b)  L-band, 
and  (c)  P-band,  indicating  the  separability  of  ice  types  and  open 
water  using  a  polarimetric  feature  combining  the  spread  in  the  hh- 
w  phase  difference  and  the  w/hh  power  ratio.  The  categories  are 
thin  first-year  ice  (ThFYb),  anomalous  thin  ice  surfaces  (ThFYa), 
thick  first-year  ice  (TFY),  rough  Bering  Sea  first-year  ice  (FYR), 
multiyear  ice  (MY),  and  open  water  (OW). 


106 


Drinkwater  et  al.  429 


ric  structure  of  sea  ice  surfaces  and  dielectric  properties  of 
the  main  scatterers.  This  gives  xis  a  more  flexible  tool  for 
identifying  the  dominant  scattering  mechanisms  within  an 
ice  scene. 

Measurement  of  the  complete  polarization  response  al¬ 
lows  more  rigorous  testing  of  contemporary  scattering  mod¬ 
els.  These  models  must  not  only  predict  the  backscatter 
coefficient  as  a  function  of  Bi  or  properties  of  the  scatterer, 
but  also  as  a  function  of  the  polarization  of  the  transmitting 
and  receiving  antenna. 

Results  demonstrate  that  the  essence  of  polarimetry  is 
not  simply  in  the  added  benefit  of  selectable  polarization,  so 
much  as  in  the  additional  phase  information  embedded  in 
correlations  between  differently  polarized  waves.  The  re¬ 
sults  of  plotting  the  two  single  most  effective  discriminants 
are  shown  in  Figure  24-7.  This  two-dimensional  feature 
space  incorporates  the  mean  co-pol  ratio  Ryv/hh  the 
standard  deviation  of  the  co-pol  phase  difference 
Segmented  clusters  are  labelled  with  the  aid  of  Ka-band 
passive-microwave  images  and  contextual  information 
within  radar  images  from  the  Beaufort  and  Bering  Seas 
[Drinkwater  et  al,,  1991a].  Discrimination  of  the  three 
principal  ice  types  (MY  and  thin  and  thick  FY)  is  possible 
along  with  separation  of  all  ice  from  open  water.  Clearly  one 
of  the  the  main  obstacles  of  single  channel  radar  is  overcome, 
namely,  separating  ice  from  open  water.  One  of  the  more 
interesting  observations  is  that  anomalous  thin  FY  ice 
returns,  supposedly  from  fi-ost-flowered  new  ice,  are  very 
different  from  other  thin  ice  surfaces  at  short  wavelengths. 
These  two  signatures  become  similar  at  P-band.  Multiyear 
ice  provides  a  tight  cluster  at  L-  and  P-bands,  when  volume 
scattering  is  negligible,  while  thick  FY  ice  shows  its  greatest 
variability  at  L-band. 

With  a  demonstrated  capability,  in  particular  for  iden¬ 
tifying  the  early  stages  of  thin  ice  formation,  monitoring 
new  ice  by  high-resolution  radar  polarimeter  will  become  of 
critical  interest  in  those  regions  of  intense  air— ice— ocean 
interaction  (Chapters  12, 13, 14,  andlS).  Afuture  spacebome 
polarimetric  SAR,  such  as  the  proposed  EOS-SAR,  offers 
the  observational  capability  at  the  necessaiy  scale  and 
resolution  to  provide  information  about  the  influence  of 
such  key  regions  upon  global  climate. 
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Active  and  passive  microwave  data  sets  acquired  during  the  1984  Marginal  Ice  Zone  (MIZ) 
Experiment  aircraft  flights  in  the  Fram  Strait  region  are  used  to  examine  the  effects  of  ice  surface  melt 
on  microwave  signatures  and  their  resulting  error  in  the  calculation  of  sea  ice  concentration. 
Conditions  examined  with  the  active-passive  data  set  include  ice  floes  with  moist  and  dry  snow  cover 
and  both  heavily  ponded  and  ridged  surfaces.  Passive  sensors  on  the  NASA  CV-990  aircraft  included 
the  aircraft  electrically  scanning  microwave  radiometer  (ESMR)  operating  at  19.4  GHz  and  aircraft 
multichannel  microwave  radiometer  (AMMR)  operating  at  10.7,  18.0,  21.0,  and  37.0  GHz.  Active 
microwave  sensors  flown  on  the  Canadian  Centre  for  Remote  Sensing  CV-580  aircraft  included  the 
Environmental  Research  Institute  of  Michigan  synthetic  aperture  radar  (SAR)  operating  at  1 .2  and  9.4 
GHz.  Coincident  AMMR  and  SAR  measurements  of  individual  floes  identified  in  aerial  photography 
are  used  to  describe  the  effects  of  surface  melt  on  the  calculation  of  sea  ice  concentration,  and  in 
particular,  the  response  of  the  passive  microwave  polarization  and  spectral  gradient  characteristics  to 
different  stages  of  surface  melt.  Although  the  onset  and  progression  of  summer  melt  are  not  uniform 
throughout  the  Arctic,  the  stages  of  summer  melt  observed  in  the  MIZ  are  also  observed  on  a 
large-scale  in  the  central  Arctic.  This  is  demonstrated  using  Nimbus  7  SMMR  data  and  Arctic  Ocean 
buoy  temperature  data  over  one  annual  cycle.  Finally,  the  potential  of  optimally  combining  both  active 
and  passive  microwave  data  in  an  effort  to  ameliorate  these  surface  melt  effects  during  the  summer 
months  is  also  explored. 


1.  Introduction 

The  importance  of  having  a  long-term  passive  microwave 
data  set  of  known  accuracy  for  obtaining  climatologically 
important  ice  parameters  on  both  global  and  regional  scales 
is  well  recognized.  The  Nimbus  7  scanning  multichannel 
microwave  radiometer  (SMMR)  has  provided  almost  9  years 
of  global  sea  ice  concentrations  and  numerous  case  studies 
have  been  carried  out  to  determine  the  accuracy  of  these 
concentrations  primarily  under  winter  and  premelt  condi¬ 
tions  [e.g.,  Martin  et  aL,  1987;  Steffen  and  Maslanik,  1988]. 
Summer  sea  ice  concentrations  are  more  uncertain  because 
of  the  presence  of  moist  snow,  wet  ice  surfaces,  and  the 
collection  of  free  water  in  depressions  (i.e.,  meltponds),  and 
of  temperature-dependent  variations  in  ice  emissivity  near 
the  melt  point  [Cavalieri  et  al.^  1984;  Onstott  et  al.^  1987]. 

Problems  associated  with  the  interpretation  of  passive 
microwave  data  during  summer  months  were  recognized 
early  on.  Areas  of  low  microwave  radiance  observed  during 
summer  in  the  central  Arctic  with  the  Nimbus  5  electrically 
scanning  microwave  radiometer  (ESMR)  were  interpreted  as 
low  ice  concentration  areas  [Gloersen  et  al.,  1978;  Campbell 
et  aL,  1980],  whereas  Crane  et  al.  [1982]  suggested  an 
alternative  explanation  in  terms  of  melt  ponding  effects.  This 
problem  was  revisited  by  Campbell  et  al.  [1984],  who  argued 
that  the  low  radiance  areas  are  primarily  due  to  open  leads 
and  polynyas.  A  first  attempt  at  actually  mapping  melt  pond 
fractional  coverage  using  microwave  data  was  made  by 
Carsey  [1985].  From  lead  area  estimates  and  from  Nimbus  5 
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ESMR  brightness  temperature  time  series,  Carsey  argued 
that  the  time  of  minimum  brightness  (mid- July)  corresponds 
to  maximum  pond  coverage,  but  also  noted  that  other 
surface  phenomena  cannot  be  unambiguously  distinguished 
from  the  ponding  maximum.  Clearly,  these  areas  of  low 
radiances  observed  in  passive  microwave  data  will  remain 
ambiguous  in  the  absence  of  additional  information.  Re¬ 
cently,  in  a  study  of  late  summer  Nimbus  7  SMMR  bright¬ 
ness  temperature  variations  in  the  Canadian  Basin  for  the 
period  1979-1984,  Barry  and  Maslanik  [1989]  used  Defense 
Meteorological  Satellite  Program  (DMSP)  optical  line  scan¬ 
ner  and  NO  A  A  advanced  very  high  resolution  radiometer 
(AVHRR)  visible  imagery  as  their  additional  source  of 
information  to  establish  that  areas  of  low  brightness  temper¬ 
ature  and  increased  polarization  corresponded  to  areas  of 
actual  reduced  ice  concentration  in  4  of  the  6  years  studied. 

Since  passive  microwave  satellite  observations  alone  can¬ 
not  distinguish  between  the  collection  of  meltwater  on  an  ice 
surface  and  the  water  between  ice  floes,  a  means  is  needed  to 
estimate  the  areal  extent  of  ponding  within  floe  boundaries. 
This  paper  explores  the  potential  of  synthetic  aperture  radar 
(SAR)  to  provide  the  additional  information  needed  to  sup¬ 
plement  the  passive  microwave  data  in  order  to  unambig¬ 
uously  discriminate  between  open  water  areas  and  ponded 
floes.  Previously,  high-resolution  aircraft  SAR  data  have 
been  used  to  discern  individual  floes  and  to  provide  infor¬ 
mation  concerning  the  state  of  melt  pool  development  and  its 
areal  extent  [Burns  et  aL,  1984,  1985;  Onstott  and  Moore^ 
1984;  Holt  and  Digby,  1985]. 

A  previous  study  of  summer  ice  concentrations  [Burns  et 
al.,  1987]  utilized  active  and  passive  microwave  aircraft 
sensors  flown  during  the  1984  Marginal  Ice  Zone  Experiment 
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(MIZEX).  The  passive  sensors  on  the  NASA  CV-990  aircraft 
included  an  ESMR  operating  at  19.4  GHz  and  an  aircraft 
multichannel  microwave  radiometer  (AMMR)  operating  at 
10.7,  18.0,  21.0,  and  37.0  GHz.  The  fixed-beam  AMMR 
radiometers  measured  both  horizontally  and  vertically  po¬ 
larized  radiances  at  all  frequencies  except  21  GHz.  The 
active  microwave  sensor  included  the  Environmental  Re¬ 
search  Institute  of  Michigan  (ERIM)  SAR  operating  at  1.2 
and  9.4  GHz  on  the  Canadian  Centre  for  Remote  Sensing 
(CCRS)  CV-580  aircraft.  A  detailed  description  of  these 
sensors  may  be  found  in  the  Burns  et  al.  paper. 

A  comparison  of  ice  concentrations  derived  from  the 
single-frequency  (9.4  GHz)  active  and  single-frequency  (19.0 
GHz)  passive  microwave  aircraft  imagery  showed  that  they 
agreed  to  within  13%.  It  was  determined  that  the  primary 
cause  of  the  discrepancy  was  ice  signature  variations  of  the 
X-band  SAR.  The  SAR  image  statistics  for  an  entire  scene 
showed  little  bimodality;  a  broad  ice  intensity  distribution 
resulted  from  variations  in  surface  conditions  including 
moist  or  saturated  snow  cover  and  wet  ice  surfaces,  although 
local  areas  showed  good  ice/water  discrimination.  Speckle 
noise  was  also  a  contributing  factor.  This  was  in  contrast  to 
the  19  GHz  passive  microwave  imagery  which  showed  a 
distinct  brightness  distribution  with  two  broad  peaks. 

Sea  ice  concentrations  were  also  obtained  from  coincident 
aerial  photography.  Both  the  SAR  and  AMMR  ice  concen¬ 
trations  agreed  to  within  13-14%  of  the  concentrations  from 
the  aerial  photographs.  Concentrations  from  the  digitized 
photographic  imagery,  also  subject  to  various  uncertainties, 
were  treated  not  as  “ground  truth,”  but  simply  as  another 
remotely-sensed  measurement  of  ice  concentration. 

In  the  same  study,  a  comparison  of  SAR  and  AMMR  ice 
concentration  measurements,  which  spanned  a  range  be¬ 
tween  45%  and  56%,  showed  a  mean  difference  of  3.5%.  In 
contrast  to  the  single-channel  ESMR  concentrations,  the 
AMMR  algorithm  results  exhibited  much  less  variability 
(5.6%  versus  17.5%  for  ESMR)  which  was  attributed  in  part 
to  the  sensor’s  lower  spatial  resolution  (see  Table  1  of  Burns 
et  al.  [1987])  and  in  part  to  the  ability  of  the  algorithm  to 
accommodate  variations  in  ice  surface  emissivity.  The  rms 
difference  between  the  concentrations  from  the  AMMR  and 
the  photography  was  10.4%  for  three  of  the  four  areas 
sampled,  while  the  rms  difference  between  the  SAR  and 
photography  was  15.8%.  The  SAR  and  AMMR  gave  identi¬ 
cal  results  (56%)  for  the  fourth  sample,  in  contrast  to  83% 
derived  from  the  digital  photographic  image.  Interestingly, 
both  the  photograph  and  the  SAR  image  showed  evidence  of 
surface  melt. 

In  the  present  study  we  examine  in  much  greater  detail  the 
effect  of  surface  melt  on  microwave  signatures  and  the 
resulting  error  in  the  calculation  of  sea  ice  concentration.  We 
also  explore  the  potential  of  optimally  combining  both  active 
and  passive  microwave  data  in  an  effort  to  ameliorate  the 
effects  of  melt  ponding  on  the  calculation  of  ice  concentra¬ 
tion  during  the  summer  months.  As  in  the  Burns  et  al.  [1987] 
study,  we  use  both  the  active  and  passive  microwave  data 
sets  acquired  during  the  1984  MIZEX  aircraft  flights  (see 
Figure  1).  An  overview  of  the  large-scale  sea  ice  conditions 
encountered  during  the  experiment  is  provided  by  Campbell 
et  al.  [1987].  Conditions  in  the  coincident  active/passive 
microwave  aircraft  data  set  under  consideration  include  ice 
floes  with  dry,  moist  and  saturated  snow  covers  and  with 
both  heavily  ponded  and  ridged  surfaces.  A  related  study  by 


Fig.  1 .  Map  of  the  Fram  Strait  region  showing  the  location  of 
the  aircraft  coverage  used  in  this  study.  The  two  boxes  indicate  the 
SAR  coverage  on  June  29  (dotted  lines)  and  on  June  30  (dashed 
lines).  The  E-W  track  (dashed  line)  gives  the  northern  most  leg  of 
ESMR  and  AMMR  coverage  on  June  30.  The  June  30  ice-edge 
position  as  determined  from  SMMR  imagery  is  indicated  by  the 
cross-hatched  line. 


Gloersen  and  Campbell  [1988]  examined  the  influence  of 
surface  melt  on  the  calculation  of  multiyear  ice  concentra¬ 
tion.  The  emphasis  in  this  study  is  on  the  dual-polarized, 
multifrequency  passive  microwave  sensors  and  the  single¬ 
channel  SAR  as  these  will  be  the  types  of  satellite  sensors 
providing  coincident  or  nearly  coincident  data  in  the  near 
future. 


2.  Microwave  Calculation  of  Sea  Ice 
Concentration 

2.1.  Passive  Microwave 

In  contrast  to  the  simple  linear  ice  concentration  algorithm 
used  with  the  19  GHz  ESMR,  the  AMMR  sea  ice  algorithm 
uses  the  18  and  37  GHz  channels  to  calculate  both  total  and 
multiyear  sea  ice  concentration.  Two  ratios  of  radiances 
serve  as  the  independent  variables.  These  ratios  are  the 
polarization  ratio  PR  and  the  spectral  gradient  ratio  GR 
defined  by 


PR(/)  = 


TBv(/)-TBh(/) 
TBv(/)  +  TBh(/) 


GR(18,  37)  - 


TBv(37)  -  TBv(18) 
TBv(37)  +  TBv(18) 


(1) 

(2) 


where/is  frequency  (18  GHz  is  used  in  this  study),  and  TBv 
and  TBh  are  the  observed  microwave  brightness  tempera¬ 
tures  at  vertical  and  at  horizontal  polarization,  respectively. 
The  advantage  of  using  these  ratios  is  that  they  are  almost 
orthogonal  in  the  sense  that  variations  in  PR  reflect  mostly 
changes  in  ice  concentration  and  are  largely  independent  of 
ice  type  (first-year  or  multiyear),  whereas  variations  in  GR 
reflect  mostly  changes  in  ice  type.  GR  is  also  used  to 
minimize  weather-related  effects  including  the  microwave 
emission  by  atmospheric  water  vapor,  cloud  liquid  water  and 
wind-roughened  seas  which  are  known  to  result  in  false 
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indications  of  sea  ice  over  open  oceans  [Gloersen  and 
Cavalieri,  1986].  Under  summer  melt  conditions,  multiyear 
ice  type  discrimination  becomes  indeterminable;  neverthe¬ 
less,  the  orthogonal  nature  of  these  independent  variables 
provides  a  mechanism  for  overcoming  the  effects  of  early 
melt  on  the  calculation  of  total  ice  concentration  as  will  be 
illustrated  in  section  4  below. 

The  expression  for  the  total  sea  ice  concentration  (C)  is 
actually  a  sum  of  the  first-year  (Cfy)  and  multiyear  (C^y)  ice 
concentrations  calculated  as  follows: 


Fo  +  FjPR  +  FjGR  +  F3(PR)(GR) 

“  Do+DiP^  + ^2GR  +  D3(PR)(GR) 

Mo  +  M,PR  +  M2GR  +  M3(PR)(GR) 
Do+DjPR  +  D2GR  +  D3{PR)(GR) 


(3) 

(4) 


C-Cjpy+C^y  (5) 

The  algorithm  is  discussed  in  detail  by  Cavalieri  et  al.  [1984] 
and  further  by  Gloersen  and  Cavalieri  [1986].  The  values  of 
the  constants  F,,  M,  and  {i  =  0  to  3)  are  as  follows: 


Fo  =  2284.36 
F2  =  16,003.92 
Mo  =  -"561.20 
M2  =  -22,386.97 


F,  =  “21,403.00 
F3  -  1424.94 
Mi  =  16,023.66 
M3  =  -38,971.83 


£>0=  1424.94  /)]  =8715.30 

D2  =  -4125.98  £>3  =  -11,416.34 

Note  that  the  corresponding  coefficients  given  in  Gloersen 
and  Cavalieri  differ  slightly  from  these  due  to  a  numerical 
error  discovered  after  publication. 


2.2.  Active  Microwave 

The  sea  ice  concentration  algorithm  used  with  the  single¬ 
channel  9.4  GHz  SAR  data  is  the  same  as  in  the  Burns  et  al. 
[1987]  study,  that  is,  a  linear  interpolation  between  the  radar 
backscatter  of  open  water  and  sea  ice.  As  stated  there  this 
technique  was  adopted  as  an  attempt  to  account  for  the  ice 
signature  variability  and  not  because  we  are  treating  a 
mixed-pixel  situation.  In  fact,  because  of  the  high  resolution 
of  the  SAR,  most  pixels  can  be  assumed  to  represent  areas  of 
100%  ice  or  100%  water,  and  mixed  pixels  covering  both 
surface  types  are  expected  only  at  the  ice/water  boundaries. 
Here  location  at  a  boundary,  the  finite  time-response  of  the 
sensor,  and  the  smoothing  effect  of  digital  post-processing 
(geometric  rectification  and  speckle  reduction)  all  contribute 
to  this  situation  which  is  clearly  most  frequent  in  the 
marginal  ice  zone.  Even  for  SARs  with  ERS-1  resolution, 
this  mixed-pixel  situation  would  be  minimal  in  pack  ice 
areas. 

The  linear  expression  for  sea  ice  concentration  C(/)  is: 

C(/)  =  (/-/w)//;-/w)  (6) 

where  I  is  the  backscatter  intensity  for  a  given  pixel,  and  7/ 
and  /vy  are  the  mean  values  of  sea  ice  and  of  open  water 
intensities,  respectively,  with  7/  >  7^^.  Conditions  other  than 
those  encountered  during  the  summer  MIZEX  can  result  in 


Fig.  2.  Comparison  of  Greenland  Sea  MIZ  ice  concentrations 
derived  using  A'-band  SAR  and  AMMR  measurements  for  six  areas. 
The  vertical  and  horizontal  lines  represent  the  standard  deviation  of 
the  SAR  and  AMMR  measurements  respectively. 


signature  ambiguities  that  would  lead  to  errors  in  ice  con¬ 
centration  using  this  algorithm.  One  example  is  the  presence 
of  grease  ice  (soupy  layer  of  coagulated  ice  crystals  on  the 
water  surface)  which  has  a  signature  similar  to  calm  open 
water  [Gray  et  al.,  1982].  Another  is  wind-roughened  water 
which  at  low-incidence  angles  can  appear  brighter  than  the 
surrounding  ice  [Askne  and  Ulander,  1989].  In  these  cases, 
information  in  addition  to  image  intensity  must  be  used  to 
obtain  concentration  estimates. 

This  algorithm  was  applied  on  a  pixel-by-pixel  basis  to  the 
9.4  GHz  SAR  data  which  had  been  radiometrically  rectified 
(although  not  calibrated)  to  remove  intensity  variations 
dependent  on  radar  range.  Only  the  9.4  GHz  data  were  used 
because  of  the  more  uniform  ice  signature  at  this  frequency 
versus  the  1.2  GHz  data  (see  below).  Further  discussion  of 
the  algorithm  is  given  by  Burns  et  al.  [1985,  1987]. 

2.3.  Comparison 

Six  areas  each  of  6  km  ^  in  size  were  identified  as  having 
coincident  SAR  and  AMMR  coverage.  The  observations 
from  these  sensors  were  registered  using  both  the  NASA 
CV-990  and  the  Canadian  CV-580  aerial  photography.  For 
each  area,  mean  concentration  values  and  their  standard 
deviations  were  calculated  from  the  SAR  and  AMMR  data 
and  are  shown  in  Figure  2.  The  calculated  ice  concentrations 
for  these  six  areas  range  from  approximately  20%  to  approx¬ 
imately  70%.  Examination  of  the  figure  shows  that  the  SAR 
concentration  estimates  are  on  average  3.8%  higher  than  the 
AMMR  estimates  and  have  an  intrascene  variability  approx¬ 
imately  three  times  greater.  Similar  results  were  obtained  in 
the  previous  study  by  Burns  et  al.  [1987,  Table  6]  which 
showed  for  four  samples  a  mean  difference  of  3.5%  between 
SAR  and  AMMR  estimates.  The  lower  AMMR  measure¬ 
ments  may  be  attributable  in  part  to  the  lower  resolution  of 
the  AMMR  sensor  through  contamination  by  peripheral 
areas  of  open  water  seen  by  the  wings  of  the  relatively  wide 
antenna  pattern  of  the  sensor  itself.  The  large  difference  in 
the  magnitude  of  the  standard  deviations  results  from  the 
greater  variability  of  the  SAR  ice  signatures,  from  the  ability 
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of  the  AMMR  algorithm  to  accommodate  some  of  the 
passive  microwave  signature  variability,  and  to  some  degree 
from  the  higher  spatial  resolution  of  the  SAR. 

3.  Microwave  Signatures  of  Melt  Effects 

In  this  section  we  review  briefly  the  characteristics  of 
microwave  sea  ice  signatures  observed  during  the  1984 
MIZEX  and  then  show  using  Nimbus  7  SMMR  data  and 
Arctic  Ocean  buoy  temperatures  that  the  progression  of 
summer  melt  observed  in  the  MIZ  is  also  observed  in  the 
central  Arctic. 

The  snow  and  sea  ice  conditions  and  associated  micro- 
wave  signatures  during  the  1984  MIZEX  have  been  dis¬ 
cussed  previously  by  Onstott  et  al.  [1987].  They  observed 
that  during  the  experiment  the  sea  ice  and  its  snow  cover 
underwent  a  transition  from  late  spring  to  summer  when  air 
temperatures  were  within  2°C  of  the  freezing  point.  As  the 
air  temperature  increases,  the  snow  cover  becomes  progres¬ 
sively  moist,  until  in  early  summer  it  has  become  thoroughly 
moistened  and  free  water  percolates  to  the  snow/ice  inter¬ 
face  where  it  collects  to  form  subsurface  pools.  As  the 
season  progresses,  surface  melt  ponds  form  and  at  about 
midsummer  begin  to  drain. 

Because  of  the  considerable  difference  in  the  microwave 
emissivities  of  water  and  ice,  the  effect  of  this  evolution  of 
surface  conditions  on  the  microwave  emission  is  a  deviation 
from  the  winter  signatures  in  proportion  to  the  amount  of 
free  water  present.  As  the  liquid  water  content  of  the  snow 
cover  increases  from  0  to  0.5%,  the  penetration  depth  will 
decrease  by  more  than  an  order  of  magnitude  [Ulaby  et  al., 

1982] .  During  winter  when  the  snow  cover  is  dry  and  the 
underlying  sea  ice  is  cold,  the  microwave  emission  for 
first-year  ice  is  edmost  independent  of  frequency,  while 
multiyear  ice  emission  decreases  with  increasing  frequency 
[e.g.,  Cavalieri  et  al.,  1984].  With  the  snow  cover  becoming 
moist  in  late  spring,  the  multiyear  ice  signature  becomes 
indistinguishable  from  that  of  first-year  ice  [e.g.,  Comiso, 

1983] .  In  some  instances  during  the  early  stages  of  summer 
melt,  the  radiometric  brightness  temperature  of  multiyear  ice 
becomes  greater  than  that  of  first-year  ice  [Grenfell  and 
Lohanick,  1985].  Because  this  increase  of  free  water  is 
neither  temporally  or  spatially  uniform  during  this  time  of 
year,  the  overall  distribution  of  multiyear  pack  ice  may  look 
quite  different  than  during  midwinter.  As  the  snow  cover 
becomes  progressively  wet,  the  microwave  signatures  be¬ 
come  progressively  less  variable.  This  is  because  the  aver¬ 
age  microwave  emission  is  determined  by  conditions  within 
the  frequency  dependent  penetration  depth,  which  in  this 
period  corresponds  to  a  layer  of  moist  snow  with  an  emis- 
sivity  close  to  unity.  Thus  the  microwave  emission  is  high  at 
all  frequencies  and  resembles  that  of  winter  first-year  ice, 
making  the  differentiation  of  ice  type  indiscriminate  [Cava¬ 
lieri  et  al.,  1984;  Onstott  et  al.,  1987].  Beginning  about 
midsummer  as  surface  melt  ponds  form  and  drain,  the 
microwave  emissivity  becomes  extremely  variable  reflecting 
the  great  spatial  variability  of  surface  conditions.  In  late 
summer  and  early  fall  the  ice  types  once  again  become 
radiometrically  distinguishable  and  their  signatures  ap¬ 
proach  their  winter  values. 

Ice  type  discrimination  is  also  lost  during  the  first  half  of 
summer  in  the  radar  signature  because  the  backscattering 
process  is  dominated  by  surface  scattering  and/or  absorption 


(a) 


(b) 


Fig.  3.  Maximum  and  minimum  (a)  18  GHz  H  and  V  and  (b)  37 
GHz  H  and  V  SMMR  brightness  temperatures  for  a  600  x  600  km^ 
region  north  of  the  Canadian  archipelago  for  1984. 


in  the  moist  snow  pack  resulting  in  a  loss  of  ice  type 
classification  [Livingstone  et  al.,  1987a,  b].  Large  intensity 
variability  is  still  present,  though,  due  to  different  degrees  of 
surface  wetness  and  amounts  of  snow  cover.  By  early  to 
midsummer  the  snowpack  has  experienced  considerable 
melt  and  depressions  in  the  ice  or  ice  with  a  lower  freeboard 
will  have  collected  varying  quantities  of  meltwater.  Fully 
open  water  meltpools  will  appear  as  extremely  low  return 
areas  at  both  1.2  and  9.4  GHz.  In  areas  where  melt  pools  are 
still  forming  and  the  snow  has  been  transformed  into  mix¬ 
tures  of  snow,  ice,  and  water,  very  strong  returns  are 
produced  in  the  SAR  imagery.  For  areas  of  thick  snow,  weak 
returns  are  produced  at  both  frequencies,  and  the  ice  surface 
topography  is  well  masked.  As  the  frequency  decreases,  the 
contrast  between  areas  with  heavy  and  thin  snow  cover 
increases.  In  areas  where  melting  has  produced  both  a  thin 
snow  cover  and  small-scale  surface  roughness  (of  the  order 
of  1-3  cm  for  first-year  ice),  enhanced  returns  are  produced, 
especially  at  1.2  GHz.  Thus  in  late  summer,  as  the  ice 
surface  is  exposed  and  surface  melt  ponds  drain,  the  radar 
backscatter,  as  well  as  the  microwave  emission,  again  re¬ 
flects  ice  type  differences. 

This  progression  of  surface  melt  conditions  observed  in 
the  MIZ  by  Onstott  et  al.  [1987]  is  also  observed  on  a  larger 
scale  in  the  central  Arctic.  The  change  in  the  minimum  and 
maximum  sea  ice  brightness  temperatures  from  the  Nimbus 
7  SMMR  18  and  37  GHz  horizontal  and  vertical  polarization 
channels  over  one  annual  cycle  is  illustrated  in  Figures  3a 
and  3b  for  a  600  x  600  km^  area  in  the  central  Arctic  north 
of  the  Canadian  archipelago.  From  an  examination  of  Figure 
3  we  observe  that  the  discrimination  between  the  18  and  37 
GHz  radiances  throughout  winter  and  early  spring  is  well 
defined.  The  actual  difference  between  the  two  signatures  is 
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Fig.  4.  Average  values  of  GR  and  PR  plotted  every  10th  day  in 
1984  from  Julian  day  90  through  Julian  day  350  together  with 
corresponding  Arctic  Ocean  buoy  temperatures  shown  in  parenthe¬ 
sis  for  the  same  Arctic  region  as  for  Figure  3. 


a  measure  of  the  relative  amounts  of  first-year  and  multiyear 
sea  ice.  This  spectral  difference,  measured  in  terms  of  the 
spectral  gradient  ratio  defined  by  (2),  is  used  to  obtain  ice 
type  concentrations.  Beginning  about  Julian  day  (ID)  100 
(April  9),  all  the  brightness  temperatures  begin  to  increase  as 
a  result  of  the  general  seasonal  wanning.  On  or  about  JD  170 
(June  18)  there  is  a  very  sharp  increase  in  the  temperatures 
indicating  the  onset  of  summer  melt.  During  summer  the 
well-defined  discrimination  between  the  18  and  37  GHz 
channels  is  lost  as  is  the  corresponding  ice  type  information. 
Starting  about  JD  270  (September  26)  the  signatures  begin  to 
diverge  and  assume  their  characteristic  winter  values. 

The  average  PR  and  GR  values  for  this  same  central  Arctic 
region  are  plotted  every  10  days  in  1984  from  JD  90  through 
JD  350  and  are  shown  in  Figure  4.  The  gap  between  JD  220 
and  JD  240  is  due  to  missing  data.  Each  point  also  has 
associated  with  it  a  temperature  shown  in  parentheses  ob¬ 
tained  from  Arctic  Ocean  buoys  3835  and  3849  located 
within  the  600  x  600  km^  region.  Although  the  reported 
temperatures  [Colony  and  Munoz,  1986]  are  from  a  sensor 
within  the  buoy,  they  are  believed  to  be  within  a  few  degrees 
of  the  ambient  air  temperature  [Martin  and  Clarke,  1978]. 
From  March  (JD  90)  through  May  (JD  150)  the  temperatures 
are  well  below  freezing,  but  by  mid-June  the  temperatures 
reach  the  freezing  point  and  the  PR  and  GR  values  approach 
zero  (JD  170).  This  is  consistent  with  the  sequence  of  events 
described  earlier  whereby  at  some  time  in  early  to  midsum¬ 
mer  there  is  a  period  when  the  snow  cover  becomes  very 
nearly  a  perfect  blackbody  emitter.  Interestingly,  in  a  related 
study  of  SMMR  brightness  temperature  data  and  Arctic 
Ocean  buoy  temperature  data  for  the  summers  of  1979 
through  1982,  Maslanik  and  Barry  [1989]  find  that  the  rapid 
increase  in  brightness  temperature  typically  occurs  around 
June  20  (JD  171)  which  is  within  a  day  of  what  is  shown  in 
Figure  4.  By  June  28  (JD  180)  the  PR  value  has  increased  to 
wintertime  values,  but  GR  is  appreciably  greater  indicating  a 
loss  of  ice  type  information.  Because  polarization  informa¬ 
tion  remains  largely  intact,  but  with  larger  uncertainties,  we 
can  still  derive  useful  total  ice  concentration  information. 
From  JD  180  until  mid-September  (JD  260)  there  is  consid¬ 
erable  variability  in  both  PR  and  GR  indicating  a  compli¬ 
cated  mix  of  surface  conditions  including  wet  snow,  surface 


melt  ponding,  and  open  water.  From  September  to  mid- 
December  the  temperature  decreases  and  the  PRs  and  GRs 
return  to  their  wintertime  values. 

4.  Effects  of  Summer  Melt  on  Concentration 
Calculations 

We  now  examine  the  microwave  signatures  of  three  ice 
floes  which  illustrate  the  progression  of  summer  melt  from 
early  spring  to  late  summer  for  the  purpose  of  understanding 
the  effect  that  these  characteristics  have  on  the  calculated 
ice  concentrations.  These  floes  were  identified  with  the  aid 
of  the  NASA  CV-990  aerial  photograph  record  for  the  June 
30  flight  and  are  shown  in  Figure  5.  The  three  images  were 
taken  with  a  KS87-B  metric  camera  from  an  altitude  of 
33,000  feet  and  each  frame  has  a  field-of-view  of  approxi¬ 
mately  10  km  along  the  direction  of  flight  (right  to  left).  The 
across-track  (up  and  down)  distortion  results  from  the  cam¬ 
era  looking  off  to  the  right  of  nadir  at  an  angle  of  45°. 

The  first  floe,  floe  A,  appears  to  the  right  of  center  in 
Figure  5a  and  is  a  composite  floe  made  up  of  primarily 
multiyear  ice.  Cloud  shadows  are  visible  against  the  bright 
snow  cover  on  the  floe.  The  location  of  this  floe  was  over  200 
km  west  of  the  main  ice  edge  (see  Figure  1)  where  the  local 
environmental  conditions  were  closer  to  winter  than  sum¬ 
mer.  The  CV-990  infrared  radiometer  (PRT-5)  measurements 
gave  surface  water  temperatures  of  ~  1.6°C  to  -2.1°C.  There 
were  also  visual  sightings  of  grease  ice  formation  between 
floes  [Gloersen  et  ai,  1985],  another  indication  of  cold 
surface  conditions.  From  an  examination  of  an  enlarged 
Figure  5a  there  appears  to  be  a  heavy  snow  cover  and 
considerable  ridging.  From  a  survey  of  the  physical  proper¬ 
ties  of  the  ice  in  the  experiment  region  during  June  and  July, 
Tucker  et  al,  [1987]  found  that  of  the  40  floes  sampled,  27 
were  identified  as  multiyear,  9  as  first-year,  and  4  as  com¬ 
posite  floes  of  first-year  and  multiyear  ice.  Their  measure¬ 
ments  of  snow  depth  revealed  that  multiyear  floes  had  a 
significantly  deeper  snow  cover  averaging  28.5  cm  as  com¬ 
pared  with  first-year  ice,  which  had  an  average  cover  of  only 
8  cm. 

The  second  floe,  floe  B,  is  a  large  floe  made  up  of  smaller 
multiyear  floes  cemented  together  (Figure  5h),  There  are 
also  some  thin  first-year  ice  areas,  the  areas  that  are  grey  in 
appearance.  This  floe  was  observed  from  the  aircraft,  and  a 
few  melt  areas  were  reported  to  be  visible  [Gloersen  et  al,, 
1985].  An  examination  of  the  image  shows  that  there  is  some 
evidence  of  melt  ponds  beginning  to  form  in  the  right  of 
center  of  the  floe.  The  floe  was  located  approximately  100 
km  west  of  the  ice  edge.  Ships  in  the  general  vicinity 
reported  surface  air  temperatures  hovering  around  0°C. 

The  third  floe,  floe  C,  is  another  large  composite  floe 
similar  to  floe  B  but  shows  a  more  advanced  stage  of  melt  as 
indicated  by  the  small  dark  grey  areas  which  are  more  or  less 
evenly  distributed  across  the  floe  (Figure  5c).  This  floe  was 
located  just  inside  the  ice  edge  and  an  icebreaker  located  just 
west  of  the  floe  well  within  the  pack  ice  reported  surface  air 
temperatures  just  above  freezing. 

Floe  C  was  the  only  one  of  the  three  floes  which  was 
imaged  coincidently  by  the  active  and  passive  sensors  on 
June  30.  In  Figure  6  we  show  the  1.2  GHz  and  the  9.4  GHz 
SAR  images  which  include  a  portion  of  this  large  floe. 
Observed  differences  result  from  the  distortion  produced  by 
the  side-looking  camera  on  the  CV-990  and  the  side-looking 
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Fig.  5.  NASA  Convair-990  aerial  photographs  of  floes  (a)  A,  (b)  B, 
and  (c)  C. 


radar,  and  from  actual  ice  motion  during  the  time  between 
the  two  aircraft  overflights.  Comparison  with  the  aerial 
photography  (Figure  5c)  shows  that  the  1.2  GHz  image  most 
closely  reflects  the  floe  structure  seen  in  the  photograph,  the 
areas  of  young  ice  or  advanced  melt  areas  appear  brighter 
than  the  surrounding  areas,  which  with  a  thick  and  moist 
snow  cover  produce  a  weaker  backscatter.  Some  of  these 
areas  also  produced  strong  returns  in  the  9.4  GHz  data,  but, 
in  general,  at  this  frequency  the  floe  interior  was  more 
uniform  in  appearance  than  at  1.2  GHz  due  to  the  absorp¬ 
tivity  of  the  moist  snow  cover.  This  image  illustrates  both 
the  lower  sensitivity  of  the  9.4  GHz  data  to  variations  in 
surface  conditions  as  observed  during  early  to  midsummer 
throughout  the  MIZ,  and  the  large  intensity  variability  of 
floes  in  the  ice  field  at  this  time. 

PR  and  GR  values  calculated  from  the  AMMR  measured 
radiances  on  June  30  for  the  three  floes  shown  in  Figure  5  are 
plotted  in  Figure  7.  The  clusters  of  measurements  corre¬ 
sponding  to  these  floes  are  labeled  “A,”  “B,”  and  “C.”  The 
PR  and  GR  values  corresponding  to  the  multichannel  SMMR 
algorithm  constants  for  open  water  (OW),  first-year  (FY), 
and  multiyear  (MY)  sea  ice  are  also  plotted  for  reference  and 
are  indicated  by  open  squares. 

The  cluster  of  points  labeled  A  have  PR  and  GR  values 
typical  of  consolidated  midwinter  MY  ice.  The  two  obser¬ 
vations  of  floe  B  have  microwave  signatures  close  to  first- 
year  ice  and  correspond  to  a  concentration  of  about  90%. 
Factors  which  may  have  contributed  to  the  less  than  100% 
concentration  include  wet  snow  cover,  ponding,  and  con¬ 
tamination  from  adjacent  open  water  areas  by  the  low- 
resolution  field  of  view  of  the  aircraft  radiometer.  The  degree 
to  which  we  can  attribute  the  relative  position  of  the  B 
cluster  along  the  FY-MY  line  to  actual  ice  type  or  surface 
wetness  is  uncertain,  but  the  key  point  is  that  the  wetness 
that  is  observed  has  not  affected  the  computation  of  the 
concentration  by  more  than  10%.  The  cluster  of  points 
labeled  “C”  corresponds  to  a  calculated  concentration  of 
between  60%  and  65%,  which  is  considerably  less  than 
100%.  The  low  calculated  concentration  is  attributed  to  the 
wet  ice  surfaces,  the  numerous  open  water  melt  ponds,  and 
to  areas  of  snow-ice-water  mixtures. 

Image  statistics  derived  from  the  9.4  GHz  SAR  image  data 
for  Figure  6  are  shown  in  Figure  8.  Here  mean  backscatter 
amplitude  is  plotted  versus  standard  deviation  for  60  x  60  m 
subimages  of  floe  C  and  adjacent  ice  and  water  areas.  This 
plot  demonstrates  the  two  main  sources  of  error  in  the  single 
channel  SAR  ice  concentration  algorithm.  First,  the  ice 
exhibits  a  much  greater  signature  variability  than  the  water 
as  seen  from  the  greater  scatter  in  the  mean  values  in  Figure 
8.  For  these  data  the  standard  deviation  of  the  ice  means  is 
approximately  one  third  of  the  difference  between  the  mean 
ice  intensity  (//)  and  the  mean  water  intensity  (7^)  used  as  tie 
points  in  the  algorithm  (section  2.2).  By  assuming  that  the 
distribution  of  ice  signatures  is  Gaussian  about  the  mean 
value,  it  can  be  shown  that  the  error  in  the  calculated 
concentration  is  directly  proportional  to  the  ratio  of  the 
standard  deviation  of  the  ice  signatures  to  the  difference 
between  ice  and  water  mean  intensities.  Using  the  values 
from  Figure  8,  this  predicts  underestimates  of  about  2%  for 
10%  concentration  and  almost  20%  for  1(X)%  concentration. 
This  effect  is  seen  in  Figure  9a  where  estimates  over  floe  C 
fall  between  75%  and  85%. 

The  second  source  of  error,  also  illustrated  in  Figure  8,  is 


114 


Cavalieri  et  al.:  Sea  Ice  Concentration  Calculations 


5365 


(B) 

Fig.  6.  SAR  imagery  of  floe  C  obtained  on  30  June  for  (a)  1.2  GHz  (23  cm)  and  (b)  9.4  GHz  (3.2  cm). 
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Fig.  7.  GR  versus  PR  plot  for  30  June,  1984,  showing  clusters  of 
measurements  corresponding  to  floes  A,  B,  and  C  shown  in  Figure 


that  the  standard  deviation  for  the  water  signatures  is  much 
smaller  than  for  the  ice.  This  is  due  to  the  speckle  noise 
inherent  in  the  SAR  imaging  process  which  introduces  a 
variance  equal  to  the  square  of  the  mean  divided  by  N, 
where  N  is  the  number  of  “looks”  [Burns  and  Lyzenga, 
1984].  In  addition,  the  standard  deviation  of  pixel  values 
within  ice  subimages,  induced  mainly  by  speckle,  is  greater 
than  that  of  the  mean  backscatter  values  for  all  the  subim¬ 
ages.  Because  this  algorithm  calculates  concentration  on  a 
pixel-by-pixel  basis,  it  effectively  resolves  the  speckle  noise 
which  thereby  contributes  directly  to  the  large  uncertainty  in 
the  concentration  estimates  (Figure  2). 

There  are  two  main  implications  of  this  analysis  of  the 
errors  in  the  SAR  algorithm:  (1)  pixel-by-pixel  evaluation  of 
concentration  is  not  suitable  for  these  high-resolution  data 
and  (2)  specification  of  an  ice  tie  point  is  not  appropriate 
given  the  large  signature  variability.  The  linear  interpolation 
algorithm,  applied  on  a  pixel-by-pixel  basis,  cannot  therefore 
adequately  account  for  this  variability,  as  seen  from  the 
results.  Simple  thresholding  on  a  pixel-by-pixel  basis,  al- 
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Fig.  8,  SAR  Jif-band  (3.2  cm)  image  statistics  for  floe  C  area  based 
on  60  X  60  m  sample  area. 
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Fig.  9.  Mean  concentration  estimates  for  900  x  300  m  areas 
across  floe  C  and  open  water  calculated  using  two  SAR  techniques: 
(a)  linear  interpolation  and  (b)  neighborhood  classification. 


though  more  appropriate  to  the  high-resolution  case,  also 
results  in  misclassification  of  ice  as  water  again  because  of 
the  large  ice  signature  variability  aggravated  by  speckle 
noise. 

A  better  method  that  would  avoid  resolving  the  variability 
and  still  take  advantage  of  the  relatively  high  SAR  resolution 
would  be  to  evaluate  concentration  on  a  neighborhood  basis 
using  an  intensity  decision  rule  based  on  the  water  mean 
intensity  value  alone.  Such  a  scheme  has  been  used  to 
calculate  ice  concentration  over  a  portion  of  the  floe  C  area. 
Using  a  10  X  10  pixel  (30  x  30  m)  neighborhood  and  an 
intensity  threshold  equal  to  the  water  mean  plus  one  stan¬ 
dard  deviation,  each  neighborhood  is  classified  either  as  ice 
or  as  water  on  the  basis  of  the  majority  of  pixels  having 
intensity  values  above  or  below  the  threshold,  respectively. 
Once  ice  and  water  are  detected  in  this  way,  concentration 
estimates  at  any  spatial  scale  greater  than  the  size  of  the 
neighborhood  can  be  obtained.  The  results  for  the  floe  C  area 
are  shown  in  Figure  9b  and  indicate  the  significant  improve¬ 
ment  over  the  linear  interpolation  method.  Although  this 
algorithm  needs  to  be  tested  on  more  data  sets  with  a  range 
of  concentration  and  seasonal  conditions,  it  clearly  has 
potential  for  providing  relatively  accurate  SAR  estimates 
over  consolidated  ice  areas  under  melt  conditions  where 
AMMR  estimates  are  poorest. 

5.  Potential  Solution 

A  possible  solution  to  the  problem  of  reduced  passive 
microwave  concentrations  due  to  surface  melt  effects  may 
be  obtained  through  the  use  of  SAR  imagery  to  estimate  floe 
areas  that  are  comprised  of  moist  snow  and  areas  of  snow- 
ice-water  mixtures.  In  this  section  our  working  hypothesis 
will  be  that  the  interior  floe  surface  conditions  may  be 
acquired  using  9.4  GHz  SAR.  If  this  hypothesis  is  valid,  it 
may  be  possible  to  obtain,  at  least  in  a  statistical  sense,  a 
measure  of  the  ice  surface  area  in  a  given  region  which  is 
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X-Band  SAR 


L-Band  SAR 


Aerial  Photograph 


Fig.  10.  Annotated  ice  floe  imagery  obtained  on  29  June,  1984,  with  the  ERIM  .Y-band  (9.4  GHz)  and  L-band  (1.2 
GHz)  SAR  and  the  CCRS  aerial  camera  on  the  CV-580.  Surface  features  include  snow-covered  ice  (SCI);  heavy-snow 
covered  ice  (HV.SC);  thick  (TFY),  medium  (MFY),  and  thin  (ThFY)  first-year  ice;  pressure  ridges  (PR);  subsurface 
melt  ponds  (SS.MP);  and  melt  ponds  (MP). 


117 


5368 


Cavalieri  et  al.:  Sea  Ice  Concentration  Calculations 


ponded  or  sufficiently  wetted  to  adversely  affect  the  passive 
microwave  ice  concentrations. 

To  test  this  hypothesis,  we  examine  a  flow  which  was 
surveyed  at  the  surface  and  imaged  with  the  CV-580  SAR  on 
June  29,  1984.  Unfortunately,  the  poor  image  contrast  and 
low  signal-to-noise  ratio  of  the  floe  C  SAR  image  (Figure  6), 
prevented  its  use  for  testing  this  hypothesis.  The  9.4  GHz 
(Z-band)  and  1.2  GHz  (L-band)  SAR  images  and  an  aerial 
photograph  of  the  June  29  floe  are  shown  in  Figure  10 
together  with  annotations  of  surface  features.  Areas  identi¬ 
fied  include  thick  (TFY),  medium  (MFY),  and  thin  (ThFY) 
first-year  ice  areas,  heavy-snow  covered  ice  (HV.SC),  pres¬ 
sure  ridges  (PR),  subsurface  melt  ponds  (SS.MP)  and  melt 
ponds  (MP).  The  snow-ice-water  mixtures  cover  a  consider¬ 
able  portion  of  the  surface  of  this  floe  and  also  produce 
emission  more  similar  to  water  than  to  ice.  The  procedure 
for  testing  this  hypothesis  is  as  follows.  The  surface  areas  of 
the  floe  were  divided  into  two  categories:  mixed  regions  of 
snow-ice- water  and  areas  of  moist  snow.  SAR  backscatter 
intensity  thresholds  were  defined  to  separate  the  returns 
from  these  two  types  of  areas.  Their  means  are  separated  by 
4  dB.  With  this  technique  it  was  determined  that  70%  of  the 
floe  area  was  snow-covered  ice  (SCI)  and  30%  was  melt 
ponds  (SS.MP  and  MP). 

These  results  suggest  that  SAR  can  be  used  to  estimate  the 
fraction  of  developing  meltpools  which  also  cause  the  pas¬ 
sive  microwave  sensor  to  measure  a  microwave  signature 
more  like  water  than  like  ice.  An  approach  that  may  be 
developed  would  use  the  high-resolution  capability  of  SAR 
first,  to  identify  a  statistically  significant  number  of  floes  in  a 
given  region;  second,  to  determine  the  state  of  melt  pool 
development  (i.e.,  to  determine  the  period  when  the  passive 
microwave  sensor  is  sensing  a  water  signature  for  the 
meltpools);  and  finally,  to  determine  the  areal  extent  of  melt 
pools  on  the  floes  for  that  region.  For  example,  if  the  results 
of  the  analysis  for  the  floe  imaged  on  June  29  were  applicable 
to  floe  C,  we  could  increment  by  30%  the  ice  concentration 
as  determined  by  the  passive  microwave  measurements  (see 
Figure  7).  This  correction  would  bring  the  floe  C  concentra¬ 
tion  up  to  90-95%,  similar  to  the  value  obtained  for  floe  B. 
Since  this  approach  is  believed  to  be  independent  of  regional 
characteristics,  developing  a  grid  system  across  the  Arctic 
Basin  for  which  SAR  melt-ponding  statistics  are  obtained, 
areal  ponding  estimates  for  each  grid  may  be  used  to  adjust 
the  synoptic  passive  microwave  estimates  of  ice  concentra¬ 
tion. 

6.  Summary 

This  paper  describes  the  effects  of  summer  melt  on  both 
active  and  passive  microwave  signatures  of  sea  ice  and  on 
the  calculation  of  sea  ice  concentrations.  The  progression  of 
surface  melt  from  late  spring  to  midsummer  in  the  central 
Arctic  is  observed  to  follow  that  in  the  MIZ  and  as  such  may 
contribute  significantly  to  the  uncertainty  in  the  calculated 
sea  ice  concentrations  from  passive  microwave  satellite 
observations.  We  have  demonstrated  the  advantage  of  uti¬ 
lizing  both  polarization  and  spectral  gradient  information 
from  multichannel  microwave  sensors  for  calculating  sea  ice 
concentrations  under  conditions  of  surface  melt.  We  have 
found  that  by  using  ratios  of  radiances,  early  changes  in  the 
free  water  content  of  the  snow  cover  can  be  accommodated 
by  the  multichannel  algorithm  to  the  extent  that  variations  in 


the  free  water  content  alter  the  spectral  gradient  ratio  and 
thus  appear  as  variations  in  the  relative  proportion  of  “first- 
year”  and  “multiyear”  ice  types.  Under  conditions  of 
substantial  surface  ponding  the  polarization  information  will 
change  significantly  and  the  algorithm  will  underestimate  the 
ice  concentration. 

With  respect  to  the  active  sensors,  we  have  shown  that  the 
large  ice  signature  variability  in  the  SAR  data  is  responsible 
for  the  underestimates  produced  with  the  single-channel 
linear  algorithm,  and  that  the  large  estimate  variances  result 
from  the  algorithm  being  applied  on  a  pixel-by-pixel  basis. 
To  avoid  resolving  the  signature  variability,  a  neighborhood 
segmentation  algorithm  was  suggested  and  used  on  a  ponded 
floe  to  demonstrate  the  potential  for  improved  SAR  concen¬ 
tration  estimates  during  surface  melt  conditions.  We  have 
further  demonstrated  using  high-resolution  aircraft  data  that 
high-resolution  SAR  imagery  can  be  used  to  obtain  an  areal 
measure  of  the  degree  to  which  individual  floes  have  wetted 
surfaces  and  open  melt  ponds.  This  suggests  that  a  combined 
active-passive  microwave  system  of  sensors  may  provide  a 
means  for  improving  the  accuracy  of  the  ice  concentration 
determinations  during  the  summer  melt  period  through  the 
development  of  a  “microwave  surface  melt  climatology”  for 
different  regions. 
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Microwave  and  Physical  Properties  of  Sea  Ice  in  the  Winter 

Marginal  Ice  Zone 

W.  B.  Tucker  III,'  T.  C.  Grenfell,^  R.  G.  Onstott,^  D.  K.  Perovich,'  A.  J.  Gow,'  R.  A.  Shuchman,^ 
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Surface-based  active  and  passive  microwave  measurements  were  made  in  conjunction  with  ice 
property  measurements  for  several  distinct  ice  types  in  the  Fram  Strait  during  March  and  April  1987. 
Synthetic  aperture  radar  imagery  downlinked  from  an  aircraft  was  used  to  select  study  sites.  The 
prface-based  radar  scattering  cross  section  and  emissivity  spectra  generally  support  previously 
inferred  qualitative  relationships  between  ice  types,  exhibiting  expected  separation  between  young, 
first-year  and  multiyear  ice.  Gradient  ratios,  calculated  for  both  active  and  passive  data,  appear  to 
allow  clear  separation  of  ice  types  when  used  jointly.  Surface  flooding  of  multiyear  floes,  resulting 
from  excessive  loading  and  perhaps  wave  action,  causes  both  active  and  passive  signatures  to 
resemble  those  of  first-year  ice.  This  effect  could  possibly  cause  estimates  of  ice  type  percentages  in 
the  marginal  ice  zone  to  be  in  error  when  derived  from  aircraft-  or  satellite-borne  sensors. 


Introduction 

The  final  field  program  of  the  Marginal  Ice  Zone  Experi¬ 
ment  (MIZEX)  took  place  in  March  and  April  1987.  As  with 
previous  MIZEX  field  investigations,  this  experiment  was 
carried  out  primarily  in  the  Fram  Strait.  This  particular 
program  consisted  of  the  winter  phase  of  the  experiment 
whose  primary  objective  was  to  examine  ice-ocean- 
atmosphere  MIZ  processes  during  the  period  of  maximum 
ice  extent.  A  detailed  description  of  MIZEX  objectives  is 
presented  by  Wadhams  et  al.  [1981].  Many  of  the  results 
from  the  summer  MIZEX  programs  are  described  in  the 
special  Marginal  Ice  Zone  Research  issue  of  the  Journal  of 
Geophysical  Research  (volume  92,  number  C7,  1987). 

The  objectives  of  the  investigation  described  here  were  to 
determine,  under  winter  conditions  in  the  MIZ,  active  and 
passive  microwave  signatures  for  a  variety  of  characteristic 
ice  types  and  to  relate  these  signatures  to  the  physical 
properties  of  the  ice.  These  joint  measurements  were  con¬ 
ducted  from  the  ice-strengthened  Norwegian  vessel  Polar 
Circle,  At  selected  sites,  a  variety  of  measurements  were 
made,  the  most  basic  of  which  included  documentation  of 
the  ice  physical  properties.  Snow  thickness  surveys  and  pits 
excavated  in  the  snow  were  used  to  furnish  snow  depths  and 
physical  properties.  Radar  backscatter  and  passive  micro- 
wave  measurements  were  made  at  a  variety  of  frequencies, 
polarizations,  and  incidence  angles.  Both  active  and  passive 
microwave  systems  were  also  routinely  operated  as  the  ship 
moved  through  the  ice,  thereby  obtaining  a  large  set  of  data 
encompassing  a  variety  of  ice  conditions  in  the  MIZ.  Occa¬ 
sionally,  the  passive  microwave  system  was  mounted  on  a 
sled  which  was  pulled  across  the  floe  in  order  to  assess  the 
small-scale  within-floe  variations. 
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Instruments  and  Measurements 
Synthetic  Aperture  Radar 

Synthetic  aperture  radar  (SAR)  data  collection  missions 
were  flown  on  a  daily  basis  throughout  MIZEX  ’87  using  the 
Intera  STAR  systems.  The  Intera  STAR  1  and  STAR  2  are 
band  (0.032-m  wavelength)  HH  polarization  radars  with 
resolutions  ranging  from  4  to  24  m.  The  high/low  resolution 
swath  width  is  23/43  km  for  STAR  1  and  17/63  km  for  STAR 
2.  Each  mission  covered  approximately  a  200  by  200  km  area 
surrounding  the  Polar  Circle,  During  overflights,  SAR  data 
were  transmitted  via  radio  link  to  the  Polar  Circle,  where 
they  were  used  to  select  sites  for  the  comprehensive  micro- 
wave  and  physical  properties  investigations. 

Ice  Physical  Properties 

The  physical  properties  description  consisted  of  a  detailed 
characterization  of  the  snow  cover  and  the  underlying  sea 
ice.  Snow  characterization  entailed  a  snow  thickness  survey 
and  an  examination  of  the  snowpack  stratigraphy.  The 
surveys  typically  consisted  of  snow  depths  measured  on  a 
grid  of  25  or  more  locations  spaced  at  3  to  5  m.  Snow 
stratigraphy  was  investigated  by  excavating  a  snow  pit  and 
measuring  vertical  profiles  of  snow  temperature,  density, 
ionic  conductivity,  and  crystal  size  and  type.  In  addition, 
solid  snow  specimens  were  prepared  for  later,  more  detailed 
structural  studies,  by  filling  the  pore  spaces  of  a  sample  with 
dimethyl  phthalate  and  freezing  the  sample. 

Our  description  of  each  site  included  floe  size  and  quali¬ 
tative  surface  topography  information.  At  least  one  80-mm- 
diameter  ice  core  was  taken  through  the  entire  thickness  of 
each  floe  to  enable  analysis  of  the  ice  structural  and  physical 
properties.  These  cores  were  used  to  determine  vertical 
profiles  of  ice  temperature,  salinity,  density,  and  crystalline 
structure  for  successive  10-cm  increments  of  core.  Brine  and 
air  volumes  were  calculated  using  the  measured  parameters 
and  the  relationships  formulated  by  Cox  and  Weeks  [1983]. 

Passive  Microwave 

Passive  microwave  measurements  were  obtained  at  10, 18, 
37,  and  90  GHz  (X,  K,  Kq,  and  W  bands)  at  a  nadir  angle  of 
50°,  alternating  between  vertical  and  horizontal  polariza- 
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tions.  While  the  ship  was  moving,  the  four  radiometers  were 
mounted  approximately  15  m  above  the  ice,  and  continuous 
traverses  of  brightness  temperature  were  recorded.  At  the 
ice  stations  when  the  ship  was  stationary  against  the  selected 
floe,  the  radiometers  were  mounted  on  a  sled,  and  traverses 
across  the  ice  floe  were  carried  out  with  the  antenna  pointed 
at  50®  from  nadir. 

The  effective  emissivity  at  frequency  vfor  polarization  p  is 
determined  from  the  formula  [Grenfell  and  Comisoy  1986] 

eAp>e)  =  iTB-T,^y)l(T,-T,^y)  (1) 

where  is  the  brightness  temperature  of  the  surface  at  a 
nadir  angle  6,  Tsky  is  the  brightness  temperature  of  the  sky  at 
zenith  angle  6,  and  is  the  physical  temperature  at  the 
snow-ice  interface.  This  formula  is  appropriate  for  the  de¬ 
termination  of  emissivity  for  a  surface  based  measuring 
system  in  that  it  includes  the  entire  atmospheric  contribution 
to  the  sky  radiation. 

Present  models  calculate  the  microwave  emissivity  from 
the  physical  structure  of  the  medium  in  terms  of  the  rela¬ 
tionship 

ep(p,  0)  -  I-  Rp(Py  B)  -  $)  (2) 

where  R  is  the  effective  surface  reflectance  and  S  is  an 
angular  integration  of  the  surface  and  volume  scattering. 
Each  of  these  quantities  is  a  function  of  frequency,  polariza¬ 
tion,  and  angle  of  observation.  A  distinction  is  made  be¬ 
tween  reflectance  and  surface  scattering  in  that  the  reflec¬ 
tance  consists  of  the  relative  intensity  of  the  coherent 
reflected  field  where  surface  scattering  refers  to  the  incoher¬ 
ently  scattered  field.  R  is  determined  largely  by  the  bulk 
dielectric  properties  of  the  medium,  while  S  (surface  and 
volume  scattering)  is  dependent  on  the  distribution  of  inho¬ 
mogeneities  in  the  medium  as  well  as  the  bulk  dielectric 
constant. 

Radar  Backscatter 

The  backscatter  measurements  were  obtained  using  two 
radar  scatterometer  systems  operating  from  the  the  rail  of 
the  upper  decks  of  the  Polar  Circle,  about  15  m  above  the 
ice.  Backscatter  data  were  acquired  at  1.5,  5.25,  9.38,  18, 
and  35  GHz  (L,  C,  X,  and  bands),  although  logistical 
considerations  sometimes  made  it  necessary  to  restrict  the 
frequencies  to  18  and  35  GHz  only.  In  this  paper  we  present 
results  only  from  VV  polarization,  as  it  was  the  only  polar¬ 
ization  for  which  a  complete  set  of  measurements  was 
obtained.  Where  other  polarizations  were  available,  corre¬ 
sponding  values  for  HH  polarization  were  usually  found  to 
be  about  2-4  dB  lower,  while  cross  polarization  was  typi¬ 
cally  20-30  dB  lower.  Data  were  collected  at  fixed  angles  as 
the  ship  transited  the  ice,  while  angular  response  measure¬ 
ments  were  made  at  selected  stationary  sites. 

We  use  the  conventional  definition  of  radar  scattering 
coefficient  (cr^)  as  the  average  scattering  cross  section  per 
unit  area.  The  subscripts  denote  the  received  and  transmit¬ 
ted  polarizations  respectively,  and  is  given  by  the 
following  expression  [Ulaby  et  aL,  1982,  equation  11.2] 

al=  ■nR^PJAP^,  (3) 

where  R  is  the  range  to  the  target,  is  the  total  power 
scattered  at  V  polarization  by  an  equivalent  isotropic  scat- 


terer  in  the  direction  of  the  receiver,  P^f  is  the  transmitted 
power  density  at  V  polarization,  and  A  is  the  illuminated 
area.  Since  only  VV  polarization  results  are  presented  here, 
we  adopt  the  convention  that  tr®  implies  cr^. 

Except  for  near-nadir  viewing,  where  the  backscatter  is 
influenced  predominantly  by  total  scattering  and  surface 
reflection  effects,  the  radar  return  is  dominated  by  the 
combination  of  surface  and  volume  scattering.  Spatial  fluc¬ 
tuations  in  the  dielectric  properties  of  the  medium  determine 
the  magnitude  of  the  scattering. 

Results 

Combined  measurements  of  ice  and  microwave  properties 
were  made  at  about  25  floes.  Five  specific  sites  representing 
the  distinctive  ice  types  observed  during  the  experiment 
were  selected  for  this  investigation  (Figure  1).  The  selected 
ice  types  consisted  of  pancake  (P),  multiyear  (M),  flooded 
multiyear  (MF),  first-year  (F)  and  very  young  (50-100  mm 
thick)  ice  or  nilas  (N).  Our  observations  indicated  that  the 
various  ice  types  are  fairly  well  intermixed  throughout  the 
Fram  Strait  MIZ.  The  major  exception  is  pancake  ice,  which 
was  generally  found  close  to  the  ice  edge,  where  the  wave 
action  needed  to  form  this  kind  of  ice  is  prevalent. 

Figure  2  is  a  SAR  mosaic  of  an  area  of  the  ice  in  Fram 
Strait,  approximately  400  x  180  km.  This  particular  image 
was  collected  on  April  4,  1987,  roughly  the  midpoint  of  the 
experiment.  The  area  encompassed  by  the  image  is  outlined 
in  Figure  1.  Typical  ice  types  are  identified  on  the  SAR 
image.  In  general,  bright  tones  on  the  image  correspond  to 
multiyear  ice,  while  the  darker  tones  are  various  stages  of 
young  ice.  The  blackest  signatures  are  indicative  of  open 
water.  We  place  a  high  degree  of  certainty  on  the  identifica¬ 
tion  of  the  designated  ice  types  because  they  were  identified 
directly  by  helicopter  reconnaissance.  This  entailed  carrying 
the  downlinked  SAR  image  on  helicopter  flights  shortly  after 
the  actual  SAR  flight  and  locating  recognizable  features  on 
the  image  (i.e.,  leads,  large  floes,  etc).  Ice  in  the  vicinity  of 
recognizable  features  was  also  identified  as  to  type,  concen¬ 
tration  and  mixture.  This  information  has  been  used  for  the 
development  of  SAR  interpretation  algorithms  [Shuchman  et 
aL,  1989;  Wackerman  et  ai,  1988]. 

No  attempts  were  made  to  extract  SAR  backscatter  values 
for  the  detailed  study  sites  because  sites  were  often  located 
on  floes  that  could  not  be  distinctly  identified  on  the  image. 
Also,  the  SAR  was  not  calibrated  in  an  absolute  sense, 
which  leads  to  difficulty  in  attempting  to  compare  backscat¬ 
ter  values  for  particular  ice  types  between  different  SAR 
flights. 

Nilas,  April  8,  1987 

Figure  3  contains  composite  results  of  the  nilas  investiga¬ 
tion  site.  The  photograph  (Figure  3a)  shows  the  vast  expanse 
(—5-10  km)  of  20-  to  60-mm-thick  nilas  ice  that  was  exam¬ 
ined.  Small  ice  sheet  overthrusts  ranging  from  15  to  20  mm 
high  occurred  every  0.2  to  0.5  m.  At  this  particular  site,  both 
thermal  growth  and  the  subsequent  rafting  were  responsible 
for  increasing  the  ice  thickness.  Indeed,  that  case  is  sug¬ 
gested  by  the  vertical  thin  section  photograph  of  30-mm- 
thick  nilas  shown  (Figure  3b),  which  shows  a  mixed  struc¬ 
ture  of  granular  and  small  columnar  crystals,  generally  a 
type  of  structure  that  precedes  purely  congelation  ice 
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Fig.  1.  Sampling  sites  in  the  Fram  Strait  with  approximate  location  of  the  ice  edge  on  March  27,  April  1  and  April 
5,  1987.  Sites  are  designated  by  ice  type  for  first-year  (F),  nilas  (N),  pancake  (P),  multiyear  (M),  and  flooded  multiyear 
(MF).  Box  indicates  approximate  area  covered  by  SAR  image  shown  in  Figure  2. 


growth.  The  structural  discontinuity  in  the  middle  of  the 
sample  is  attributed  to  rafting  of  one  sheet  upon  another.  The 
high  salinities,  ranging  from  14.3  to  16.2%o,  were  a  result  of 
rapid  freezing  and  hence  brine  retention  within  the  granular 
ice  structure.  Density  was  also  relatively  high,  about  0.92 
Mg  m“^,  indicating  minimal  entrapment  of  air  in  the  ice. 

The  emissivity  spectra  for  this  case  (Figure  3c)  represent 
averages  over  a  distance  of  several  hundred  meters  and 
show  a  strong  increase  from  10  to  90  GHz  at  both  vertical 
and  horizontal  polarizations.  Also  shown  for  reference  are 
the  spectra  measured  for  open  water.  The  error  bars  repre¬ 
sent  standard  deviations,  or  uncertainty  in  the  measure¬ 
ments.  The  spectra  are  intermediate  between  that  of  open 
water  and  that  of  thick  first-year  ice.  This  probably  results 
from  a  combination  of  two  effects.  The  real  part  of  the 
dielectric  constant  of  brine  decreases  with  increasing  fre¬ 
quency,  giving  the  lowest  ice-air  surface  reflectivity  at  90 
GHz.  According  to  Table  1,  where  optical  thicknesses  have 
been  estimated  for  first-year  ice  types,  at  lower  frequencies 
the  ice  is  not  optically  thick,  so  the  underlying  water 
significantly  increases  the  net  reflectivity  at  10  and  18  GHz. 
The  difference  in  slopes  between  V  and  H  polarization  is 
most  likely  due  to  the  presence  of  small-scale  surface 
roughness  elements  on  a  size  scale  which  would  scatter 
weakly  at  37  GHz  but  significantly  more  at  90  GHz. 

Backscatter  coefficients  for  nilas  (Figure  3d)  are  the  small¬ 
est  of  all  the  ice  types  investigated  in  this  study.  The  cr® 
values  presented  here,  however,  are  up  to  30  dB  higher  for 
band  over  incidence  angles  of  30°  to  50°  than  results  of 
Onstott  and  Shuchman  [1988]  for  undisturbed  nilas.  The 
increase  shown  here  is  probably  due  to  the  backscatter  from 
the  numerous  exposed  edges  created  by  overthrusting,  and 
possibly,  the  higher  surface  dielectric  due  to  flooding  with 
seawater.  The  scattering  coefficients  for  nilas  decreased 


rapidly  with  increasing  nadir  angle  from  -5  dB  at  20°  to 
between  -15  and  -17  dB  at  50°  at  both  and  bands. 

Pancake  Ice,  March  29,  1987 

Pancakes  existed  in  both  loosely  aggregated  and  closely 
packed  forms  at  this  site  (Figure  4a).  The  individual  pan¬ 
cakes  ranged  in  size  from  0.3  to  over  1.5  m  in  diameter  and 
50  to  130  mm  in  thickness.  The  raised  edges  or  rims,  which 
ranged  in  height  from  10  to  50  mm  above  the  relatively  flat 
surface,  resulted  from  collisions  between  individual  pan¬ 
cakes  and  from  the  freezing  of  seawater  and  frazil  which 
splashed  onto  the  edges  of  the  pancakes.  As  the  thin  section 
in  Figure  4b  indicates,  the  structure  of  this  ice  is  very  similar 
to  that  of  the  previously  described  nilas.  Specifically,  the 
texture  appears  to  consist  of  closely  packed  platey-type 
crystals.  This  type  of  structure  has  been  observed  in  young 
ice  forming  in  a  disturbed  water  column  [Eicken  and  Lange, 
1989].  This  is  certainly  reasonable  in  this  case  because 
pancake  formation  itself  is  indicative  of  growth  in  a  dis¬ 
turbed  or  wind-whipped  sea.  Salinity  of  the  pancakes  ranged 
from  9  to  12%o,  somewhat  less  than  that  of  the  nilas. 
However,  bulk  ice  density  was  the  same  as  the  nilas,  0.92 
Mg  m“^. 

The  emissivity  spectra  for  pancake  ice  (Figure  4c)  are 
again  spatial  averages  and  represent  a  composite  of  the 
pancakes  and  the  open  water  surrounding  them.  In  accor¬ 
dance  with  Table  1,  the  ice  is  optically  thick  at  all  frequen¬ 
cies  except  10  GHz,  which  results  in  a  higher,  flatter 
spectrum  than  for  nilas.  The  rather  high  degree  of  polariza¬ 
tion  (defined  as  [c^(V,  6)  -  e^{H,  0)]/[c^(V,  6)  +  €^{H,  6»)])  is 
probably  due  to  the  contribution  of  the  open  water  but  may 
also  be  indicative  of  a  smooth  ice  surface. 

Backscatter  coefficients  for  the  pancake  ice  are  quite 
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Fig.  2.  SAR  image  mosaic  of  the  Fram  Strait  marginal  ice  zone  on  April  4,  1987.  Typical  ice  types  identified  by 
helicopter  reconnaissance  are  multiyear  (MY),  first-year  (FY),  and  grease  and  pancake  (GyP)  ice  and  open  water  (OW). 
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TABLE  1 .  Optical  Depths  as  a  Function  of  Frequency  for  Thin 
Ice  Types 


Optical  Depth  t 

10  GHz 

18.7  GHz 

37  GHz 

90  GHz 

30-mm  nilas 

1.2 

3.4 

6 

12 

50-inm  pancakes 

2 

5.7 

10 

20 

1-m  first-year  ice 

40 

114 

200 

400 

Uncertainty  in  optical  thicknesses  is  estimated  to  be  50%,  depend- 
ing  on  fluctuations  in  brine  volume.  Optical  depths  r  are  estimated 
from  the  results  of  Grenfell  [1986]  and  Grenfell  and  Comiso  [1986]. 
Estimates  for  the  1-m  ice  assume  salinities  consistent  with  thinner 
ice;  thus  optical  depths  may  be  slightly  high.  Ice  is  referred  to  as 
being  optically  thick  if  r  exceeds  4,  for  which  98.2%  of  the  incident 
radiation  on  the  layer  would  be  absorbed. 

variable  owing  to  differences  in  the  heights  of  the  rims 
surrounding  the  pans.  Results  for  two  cases  at  the  pancake 
ice  site  are  shown  in  Figure  Ad,  The  solid  lines  are  for  the 
predominant  pancake  type  ice,  and  the  crosses  are  from  an 
area  of  thicker  and  rougher  pancake  ice.  For  the  case 
represented  by  the  solid  curves,  the  pan  rims  were  rather 
small,  and  o*®  values  at  Ku  and  Ka  bands  are  only  slightly 
above  the  values  for  nilas.  The  angular  dependence  was  also 
similar,  including  the  crossover  at  nadir  angles  of  20°  to  25°. 
Scattering  at  X  band,  however,  was  from  7  to  15  dB  greater 
than  that  at  and  bands.  For  the  rougher  pancakes,  the 
a®  at  40°  was  enhanced  by  about  17  dB  at  Ka  band,  and  the 
difference  between  Ka  and  Ku  increased  to  about  8  dB. 

First-Year  IcCy  April  6,  1987 

This  site  was  located  on  a  100-m-diameter  floe  contained 
within  a  several-kilometer  expanse  of  thin  first-year  ice 
(Figure  5a),  The  ice  at  the  coring  site  measured  0.36  m  thick 
and  was  overlain  by  100  mm  of  snow.  The  snow  had  a 
density  of  0.09  Mg  m”^  and  consisted  of  0.25-  to  1.00-mm 
needle  and  stellar  crystals.  This  area  was  free  of  major 
ridges,  although  many  small  cracks  and  some  rafting  were 
evident  once  the  snow  cover  was  removed.  The  ice  surface 
consisted  of  raised  edges  10  to  100  mm  high,  occurring  every 
5  to  10  m.  The  crystalline  texture  (Figure  5b)  through  the 
entire  ice  thickness  consisted  of  fine-grained  columnar  ice 
crystals  indicating  that  growth  had  occurred  under  relatively 
calm  conditions.  The  salinity  of  the  ice  ranged  from  7  to 
9.8%o  with  a  bulk  salinity  of  8.6%o.  Bulk  density  of  the  ice 
was  0.92  Mg  m“^.  The  combination  of  thin  ice  and  the 
insulating  effect  of  the  thick  snow  cover  resulted  in  a 
relatively  warm  ice  surface  temperature  of  --3.5°C. 

The  emissivities  for  this  case  (Figure  5c)  are  very  close  to 
unity,  the  spectra  are  quite  flat,  and  the  difference  between 
vertical  and  horizontal  polarizations  is  small,  consistent  with 
a  variety  of  observations  made  to  date  from  the  surface, 
aircraft,  and  satellites  [Grenfell,  1986;  Cavalieri  et  al,, 
1984a,  b].  The  ice  was  optically  thick  (Table  1),  implying  that 
emission  was  primarily  from  the  surface.  The  smaller  differ¬ 
ence  between  e^iV,  50)  and  e^iH,  50)  as  compared  with 
younger  ice  types  was  probably  a  result  of  influences  of  the 
snow  layer  and  lower  salinity.  This  may  also  account  for  the 
slight  decrease  at  90  GHz.  The  spectra  of  thick  first-year  ice 
seem  to  be  rather  insensitive  to  ice  conditions  and  have  been 
used  as  a  benchmark  point  for  almost  all  sea  ice  work  to 
date. 


The  backscatter  coefficients  (Figure  5^  are  indicative  of 
first-year  ice  having  a  surface  roughness  of  the  order  of  a  few 
millimeters  [Kim  et  al,,  1985;  Onstott  et  al,,  1979].  This  small 
roughness  was  not  detected  by  our  properties  measure¬ 
ments,  however.  The  backscatter  coefficients  at  Ku  and  Ka 
band  are  10  and  18  dB  greater,  respectively,  at  25°  than  those 
for  pancake  ice,  and  cr®  decreases  almost  linearly  with 
frequency.  Sigma  values  at  all  frequencies  decrease  more 
slowly  with  increasing  nadir  angle  than  for  either  pancakes 
or  nilas. 

Multiyear  Ice,  April  3,  1987 

This  site  was  located  on  a  100  x  200  m  floe  embedded  in 
a  loosely  concentrated  field  of  similar  sized  floes  (Figure  6a), 
The  floe  had  a  hummocky  surface  with  general  relief  of  about 
0.5  m  and  also  featured  a  4-m-high  ridge  on  one  side  (not 
shown  in  the  photograph  of  Figure  6a).  It  appeared  that  the 
floe  contained  a  substantial  amount  of  deformed  ice.  This 
was  verified  by  three  thickness  measurements  which  ranged 
from  3.01  m  at  the  coring  location  near  the  center  of  the  floe 
to  4.46  m  on  the  flank  of  the  ridge.  A  thorough  snow  survey 
revealed  a  rather  thick  layer  with  depths  ranging  from  0. 14  to 
1,20  m,  about  a  mean  of  0.40  m.  The  snowpack  consisted  of 
a  60-mm  surface  layer  of  1-  to  2-mm-long  delicate  needles 
with  a  density  of  0.09  Mg  m“^.  The  surface  layer  was 
underlain  by  a  layer  varying  in  thickness  containing  0.3-  to 
0.5-mm-diameter  rounded  grains  with  density  of  0.31  Mg 
m”^.  The  crystal  structure  of  the  underlying  ice  (Figure  6^) 
was  primarily  columnar,  with  only  a  0.20-m-thick  layer  of 
granular  ice  at  the  surface  and  a  mixed  congelation  and 
granular  ice  layer  from  1 .0  to  1 .2  m  below  the  surface.  There 
was,  however,  a  significant  amount  of  inclined  columnar  ice 
in  this  core,  indicating  previous  deformation  or  ridging. 
During  normal  undisturbed  ice  growth,  columnar  crystals 
are  oriented  vertically;  thus  the  occurrence  of  inclined 
crystals  in  a  vertically  drilled  core  usually  implies  the 
presence  of  tilted  ice  blocks.  The  salinity  of  this  floe  was 
quite  low,  being  typical  or  multiyear  ice,  with  a  bulk  salinity 
of  2.9%o.  Discontinuities  in  the  salinity  profile  may  corre¬ 
spond  either  to  structural  breaks  or  to  annual  transitions.  It 
is  logical  for  salinity  discontinuities  to  appear  in  deformed 
(ridged)  ice  because  normal  vertical  drainage  patterns  are 
likely  to  be  interrupted  by  the  existence  of  an  inclined 
block-granular  ice  structure.  Also  typical  of  multiyear  ice  is 
the  low-density  ice  constituting  the  upper  layers.  Such 
structure  results  from  the  desalination  and  thermal  modifi¬ 
cation  of  the  upper  layers  during  summer,  leading  to  in¬ 
creased  porosities  and,  consequently,  lowered  densities  in 
near  surface  ice. 

The  present  measurements  represent  our  first  surface- 
based  radiometric  observations  over  winter  multiyear  ice. 
For  this  case,  several  spectra  were  obtained  (Figure  6c). 
They  show  a  pronounced  negative  spectral  gradient  (de^(p, 
d)ldv)  considered  characteristic  on  the  basis  of  previous 
aircraft  and  satellite  observations  [Cavalieri  et  al.,  1984^; 
Troy  et  al.,  1981].  This  might  be  due  to  strong  volume 
scattering  in  the  low-loss,  desalinated,  near-surface  layers. 
The  light  solid  and  dashed  spectra  were  obtained  from 
different  locations  on  this  floe.  The  increase  in  emissivity 
between  37  and  90  GHz  is  unexpected  and  results  from  the 
very  thick  snow  layer  which  is  not  transparent  at  90  GHz. 
Variations  at  90  GHz  over  snow  covered  ice  will,  in  general. 
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Fig.  5.  First-year  ice,  April  6, 1987:  (a)  photograph  of  site,  (b)  properties  and  structural  profile,  (c)  emissivity,  and  (d) 
backscatter  coeflicient.  Curves  labeled  S,  T,  and  p  on  the  properties  profile  are  salinity,  temperature,  and  density. 
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be  sensitive  to  snow  grain  size  and  density.  The  dark  solid 
curve,  obtained  from  a  hummock  on  a  different  floe,  shows 
a  weak  negative  spectral  gradient. 

Multiyear  ice  produced  the  strongest  backscatter  (Figure 
6^  of  the  ice  types  considered  in  this  investigation.  This  is 
consistent  with  observations  made  under  cold  conditions  in 
other  geographic  areas  [Onstott  et  al,,  1982].  The  angular 
response  of  the  radar  scattering  coefficients  at  frequencies 
from  1.5  to  35  GHz  is  smooth,  the  scattering  increases 
uniformly  with  frequency,  and  the  curves  are  evenly  spaced 
with  respect  to  each  other.  In  fact,  the  backscatter  intensity 
(calculated  as  is  proportional  to  the  square  of  the 

frequency.  Such  a  uniform  increase  suggests  that  the  back¬ 
scatter  originates  from  the  same  roughness  elements  and 
internal  inhomogeneities  (e.g.,  air  bubbles). 

Flooded  Multiyear  Ice,  April  7,  1987 

The  photograph  in  Figure  la  shows  the  50  x  70  m 
multiyear  floe  on  which  flooding  of  the  surface  by  seawater 
significantly  altered  the  physical  and  microwave  properties. 
This  floe  was  covered  by  snow  averaging  0.84  m  thick,  one 
of  the  thickest  snow  covers  observed  on  the  experiment.  The 
snowpack  consisted  of  three  distinct  layers.  The  top  layer 
was  0.08  m  of  new  snow  composed  of  1.0-  to  1.5-mm  stellar 
dendrites  of  density  0.07  Mg  m~^.  At  the  bottom  was  a 
0.14-m  layer  of  0.31  Mg  m"^  density  depth  hoar  consisting  of 
3-  to  4-mm  scrolls.  The  remainder  of  the  snowpack  was  0.40 
Mg  m“^  density,  0.2-  to  0.5-mm  rounded  grains.  Ice  thick¬ 
ness  at  the  coring  location  was  4.10  m.  Surface  topography 
was  consistently  low,  with  generally  less  than  0.3  m  relief. 
Ice  structure,  as  shown  in  Figure  lb,  was  a  mixture  of 
columnar,  inclined  columnar  and  granular.  Granular  ice 
made  up  32%  of  the  entire  core.  The  presence  of  inclined 
columnar  ice  in  conjunction  with  granular  ice  in  the  struc¬ 
tural  profile  implies  that  this  ice  had  undergone  deformation 
at  some  point  during  evolution  [Tucker  et  aL,  1987]. 

The  most  unusual  feature  of  this  multiyear  floe  was  the 
very  high  salinity  values  in  the  upper  0.4  m.  Salinities  of  6  to 
10%o  are  normally  associated  with  first-year  ice.  We  attribute 
high  salinities  in  this  instance  to  flooding  of  the  surface  by 
seawater  which  seeped  into  and  became  trapped  in  the 
porous  upper  layers.  The  flooding  likely  resulted  from  de¬ 
pression  of  the  floe  by  the  excessive  snow  load  and  associ¬ 
ated  wave  action.  This  situation  was  supported  by  the 
observation  that  at  the  time  of  coring  there  was  less  than  10 
mm  of  freeboard  in  the  core  hole.  Once  again  the  low  density 
of  the  ice  near  the  surface,  so  typical  of  multiyear  floes,  was 
evident  here.  The  depressed  freeboard  and  possibly  the 
intrusion  of  seawater  appear  to  have  warmed  the  ice.  The 
lowest  temperature  was  slightly  below  -5°C,  whereas  for 
the  dry  multiyear  floe,  described  earlier,  the  minimum  ice 
temperature  was  about  -  12°C. 

Representative  emissivity  spectra  for  two  flooded  multi¬ 
year  ice  sites  are  shown  in  Figure  7c.  These  are  essentially 
indistinguishable  from  that  of  first-year  ice.  This  results  from 
the  modified  high  salinity  layer  at  the  base  of  the  snow  and  in 
the  upper  0.4  m  of  the  ice.  The  two  pairs  of  curves  show 
results  from  sites  with  differing  snow  characteristics;  the 
curves  from  the  April  7  floe  (Figure  7c,  floe  7-1)  described 
here  had  thicker  snow.  The  values  at  90  GHz  are  controlled 
by  the  characteristics  of  the  overlying  snow  layer.  Conse¬ 
quently,  for  the  thicker  snow,  they  are  the  same  as  for  the 
case  of  dry  multiyear  ice. 


The  flooding  of  snow-covered  multiyear  ice  by  seawater 
has  a  dramatic  effect  on  the  backscattering  properties.  The 
flooded  multiyear  ice  has  a  signature  similar  to  that  of  typical 
first-year  ice.  As  can  be  seen  by  comparing  Figure  Id  with 
Figure  6^/,  the  dry  multiyear  ice,  the  a®  values  are  reduced 
by  4  and  10  dB  at  35  and  18  GHz,  respectively,  for  the 
flooded  floe.  The  difference  in  reduction  suggests  that  the 
snow  layer  contributes  significantly  to  the  backscattering  at 
35  GHz. 

Discussion 

The  greatest  difference  between  first-year  and  multiyear 
ice  backscatter  levels  is  produced  at  a  frequency  of  18  GHz; 
however,  the  differences  in  emissivity  are  greatest  at  37 
GHz.  Although  this  difference  may  be  attributed  to  the 
possibility  that  the  active  and  passive  sensors  were  focused 
on  slightly  different  areas  of  the  same  floe,  it  may  also  be  due 
to  cracks  or  other  surface  inhomogeneities  in  the  first-year 
ice,  which  produce  enhanced  backscattering  at  37  GHz  but 
which  have  little  effect  on  the  integrated  scattering.  The 
smooth  increase  in  scattering  with  frequency  for  multiyear 
ice  appears  to  be  consistent  with  the  emissivity  spectra. 

The  radar  contrast  between  multiyear  and  rough  first-year 
ice  is  least  in  the  angular  region  near  25°.  For  frequencies 
between  5  and  35  GHz,  the  contrast  ranges  between  2.5  and 
7.5  dB.  At  1.5  GHz,  these  ice  types  show  similar  backscatter 
levels,  with  the  first-year  ice  returns  higher  by  1  to  2  dB.  This 
may  have  been  the  result  of  greater  surface  roughness  on  the 
0.10-  to  0.30-m  scale  for  the  first-year  ice. 

The  changes  between  multiyear  and  flooded  multiyear  in 
the  emissivity  spectra  and  the  backscattering  appear  consis¬ 
tent.  At  Ka  band  the  backscatter  at  large  nadir  angles  was 
reduced  significantly  on  the  flooded  multiyear,  while  the 
emissivity  increased  measurably.  At  18  GHz,  however,  the 
reduction  in  backscatter  was  larger  than  that  at  35  GHz,  yet 
no  effect  was  measurable  in  e^(V,  50).  This  seems  consistent 
with  the  notion  that  the  snow-ice  interface  was  very  strongly 
absorbing  and  that  the  snow  cover  was  almost  transparent  at 
18  GHz  but  much  less  so  at  37  GHz. 

Within  the  present  levels  of  accuracy,  the  emissivity 
spectra  found  in  the  Greenland  Sea  MIZ  for  the  younger  ice 
types  are  at  least  qualitatively  consistent  with  corresponding 
observations  in  other  locations  at  similar  times  of  year.  We 
do  not  know  if  this  is  true  for  winter  multiyear  ice,  however, 
because  we  have  no  previous  data  for  comparison.  Both  the 
present  observations  and  aircraft  data  [Troy  et  aL,  1981] 
show  that  the  multiyear  spectra  are  quite  variable,  even  on  a 
single  floe  (Figure  6c).  Although  the  multiyear  ice  in  the  MIZ 
is  structurally  similar  to  multiyear  ice  in  the  eastern  Arctic, 
the  increase  in  snow  cover  modifies  the  microwave  signa¬ 
tures  directly  because  it  represents  a  significant  extra  scat¬ 
tering  layer  whose  structural  properties  can  evolve  rapidly 
during  warming  events.  A  thick  snow  cover  also  has  an 
indirect  effect  in  that  it  provides  enough  additional  mass  to 
make  surface  flooding  relatively  common  in  the  presence  of 
ocean  swell. 

We  are  interested  in  assessing  which  of  the  physical 
properties  besides  snow  cover  that  were  measured  signifi¬ 
cantly  affect  the  microwave  properties.  There  are,  of  course, 
extremely  important  properties  that  were  beyond  the  scope 
of  our  measurement  program.  As  was  previously  inferred, 
surface  roughness  is  very  important.  Also,  the  distribution  of 
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TABLE  2.  Summary  of  Basic  Ice  Properties  for  Each  Ice  Type  With  Passive  Microwave  Polarization  and  Gradient  Ratios  and  Active 

Microwave  Gradient  Ratios 


Nilas 

Pancake 

First-Year 

Multiyear 

Flooded 

Multiyear 

Date 

April  8 

March  29 

April  6 

April  3 

April  7 

Latitude  (North) 

76n5.0' 

78^50.3' 

76°44.8' 

77°36.9^ 

Longitude  (West) 

6°03.0' 

1°39.8' 

6‘»16.8' 

4"54.8' 

A^U.T 

Physical  properties 

Snow  depth,  m 

0.00 

0.00 

0.10 

0.40 

0.84 

Ice  thickness,  m 

0.03 

0.05 

0.36 

3.01 

4.10 

Density  (top  0.1  m),  Mg  m“^ 

0.92 

0.92 

0.92 

0.79 

0.84 

Bulk  salinity,  %o 

15.30 

10.50 

8.60 

2.76 

3.21 

Percent  granular 

100 

100 

0 

2 

32 

Percent  columnar 

0 

0 

100 

62 

62 

Percent  inclined 

0 

0 

0 

30 

6 

Passive  microwave 

PR  (18  GHz) 

0.220 

0.092 

0.044 

0.041 

0.032 

GR  (37,  18  GHz) 

0.074 

0.024 

0.010 

-0,055 

0.008 

Active  microwave 

GR  (K„,  Ka) 

-0.280 

-0.115 

-0.753 

-0.383 

-0.798 

liquid  and  vapor  within  the  ice  determines  the  degree  of 
volume  scattering  [Tsang  and  Kong,  1981;  Stogryn,  1985, 
1987].  Clearly,  the  dielectric  properties  of  sea  ice  play  a  large 
role  in  determining  the  microwave  signatures.  Since  the  bulk 
dielectric  constants  of  sea  ice  and  snow  are  strongly  modu¬ 
lated  by  the  amount  and  distribution  of  liquid  (both  brine  and 
fresh  water),  the  salinity  and  temperature  of  the  ice  are  of 
primary  importance.  Therefore  it  is  meaningful  to  compare 
the  microwave  signatures  with  the  first-order  properties  of 
the  ice  that  were  measured. 

In  Table  2  we  present  a  synopsis  of  the  important  physical 
data  that  were  documented  in  this  investigation.  The  table 
also  contains  ratios  which  are  useful  in  summarizing  impor¬ 
tant  results  of  the  microwave  signatures.  For  the  microwave 
radiometry  we  show  the  gradient  ratio  GR  and  the  polariza¬ 
tion  ratio  PR  used  in  the  scanning  multichannel  microwave 
radiometer  (SMMR)  “team  algorithm”  for  the  determination 
of  concentration  and  the  identification  of  first-year/multiyear 
ice  type  distribution  [Cavalieri  et  aL,  1984^].  These  ratios 
are  given  by 


PR(18)  = 


ei8(V,  50)-e,s{H,  50) 
e,8(V,  50)  -f  e,8(//,  50) 


(4) 


GR(37,  18) 


e37(V,  50)  -  gi8(V,  50) 
e37(V,  50)  +  e,8(V,  50) 


(5) 


Similarly,  a  gradient  ratio  has  been  calculated  for  the  radar 
backscatter  for  and  bands  (18  and  35  GHz)  at  a  nadir 
angle  of  40°  from  the  following  definition: 


I{a°K„)  -  l{a^Ka) 
GR(X„,  + 


(6) 


where  are  the  backscattered  intensities  determined 

from  the  transformation  I  -  The  order  of  the 

frequencies  has  also  been  reversed  from  those  in  the  passive 
gradient  ratio  (equation  (5)).  In  this  manner,  the  radar 
gradient  ratio  varies  in  the  same  sense  as  the  passive;  that  is, 
greater  scattering  at  higher  frequency  gives  a  more  negative 
value  of  GR.  While  this  parameter  may  not  be  useful  for  the 
first  generation  of  single-frequency  radar  satellites,  it  is 
introduced  here  because  it  very  likely  provides  a  measure  of 


the  size  distribution  of  scattering  inhomogeneities  either  in 
the  ice  or  on  the  surface.  Thus  we  feel  that  GR(K^,  K^) 
should  be  useful  for  improving  the  capability  of  distinguish¬ 
ing  ice  types  when  appropriate  instrumentation  becomes 
available. 

In  Table  2,  PR(18)  shows  a  steady  decrease  with  ice  age 
from  initial  formation  through  thick  first-year  ice,  while  the 
differences  between  first-year,  dry  multiyear,  and  flooded 
multiyear  are  small.  GR(37,  18)  decreases  consistently  with 
the  age  of  the  ice  with  exception  of  the  flooded  multiyear  ice, 
whose  value  is  very  nearly  that  of  first-year  ice. 

The  large  negative  values  of  the  radar  gradient  ratio, 
GR(A^„,  Ka)y  are  anticipated  because  radar  scattering  cross 
sections  typically  increase  with  increasing  frequency;  both 
theory  and  observations  support  this  trend.  The  differences 
between  nilas  and  pancake  cases  are  nearly  indistinguish¬ 
able.  The  raised  edges  of  the  pancakes  and  overthrust  edges 
of  nilas  were  large  relative  to  the  and  band  wave¬ 
lengths  (about  17  and  8.7  mm,  respectively),  and  they  appear 
to  have  produced  similar  backscatter  intensities.  With  its 
very  large  negative  value,  first-year  ice  is  quite  distinct  from 
dry  multiyear  or  the  new  ice  types.  It  is  important  to  note 
that  the  gradient  ratios  for  first-year  and  flooded  multiyear 
are  similar,  which  implies  that  even  this  active  microwave 
ratio  is  masked  by  flooding. 

Table  2  also  indicates  that  the  passive  microwave  gradient 
ratios  can  be  related  to  the  age  of  the  ice.  The  passive  ratios 
also  appear  to  correlate  well  with  the  salinity,  generally 
decreasing  when  the  salinity  decreases,  thus  reinforcing  the 
relationship  to  the  age  of  the  ice.  While  a  relationship 
between  ice  age  or  salinity  and  the  radar  gradient  ratio  is  not 
apparent,  there  are  distinct  differences  between  thick  first- 
year,  multiyear,  and  young  ice  types.  In  the  case  of  the 
flooded  multiyear,  the  increased  brine  volume  in  upper 
layers  resets  the  salinity  to  be  practically  the  same  as  that  of 
first-year  ice,  and  the  observed  microwave  signatures  are 
consistent  with  this  “effective”  age. 

Contrasts  between  emissivity  and  backscatter  cross  sec¬ 
tions  at  Ka  band  are  shown  in  Figure  8.  Similar  behavior  was 
observed  at  18  GHz.  The  points  are  ordered  by  increasing  o*® 
and  range  from  open  water  through  dry  multiyear  ice.  The 
points  for  open  water  were  taken  from  Grenfell  and  Comiso 


132 


Tucker  et  al.:  Sea  Ice  Properties  in  the  Winter  Marginal  Ice  Zone 


4585 


Fig.  8.  Emissivity  at  37  GHz  versus  radar  backscatter  at  Ka  band  for  open  water,  nilas,  pancake,  first-year,  two 

flooded  multiyear,  and  two  multiyear  sites. 


[1986]  and  from  Onstott  and  Shuchman  [1988].  There  appear 
to  be  two  correlation  regimes.  The  first  covers  the  thin  ice 
types  through  first-year  ice  where  both  and  cr®  increase 
together,  and  the  second  includes  the  first-year  and  multi¬ 
year  cases  for  which  decreases  with  further  increase  in 
O'®.  In  the  first  regime  we  believe  that  the  emissivity  is 
increasing  because  of  decreasing  reflectivity  as  the  ice 
thickens  while  scattering  increases  owing  to  the  develop¬ 
ment  of  surface  roughness.  In  the  second  regime  it  is  our 
opinion  that  scattering  becomes  dominant  and  emissivity 
decreases  as  scattering  increases.  First-year  and  flooded 
multiyear  ice  are  located  at  the  apex  where  scattering  begins 
to  contribute  significantly  to  the  emissivity. 

Although  using  the  combination  of  emissivity  and  back¬ 


scatter  at  a  single  frequency  (Figure  8)  to  distinguish  be¬ 
tween  ice  types  is  superior  to  using  either  separately,  results 
are  less  than  satisfactory.  The  ice  type  separation  shown  in 
Figure  8  is  apparently  similar  to  radiometric  cluster  plots 
[e.g.,  Cavalieri  et  aL,  1984/?].  More  information  appears  to 
be  provided  if  we  include  the  polarization  and  gradient  ratio 
values  from  Table  2.  Two  likely  representations  are  shown  in 
Figures  9  and  10,  where  we  have  plotted  the  passive  gradient 
and  polarization  ratios,  respectively,  against  the  active  gra¬ 
dient  ratio. 

In  Figure  9,  the  active  gradient  ratio  separates  open  water 
from  nilas  and  pancakes  from  first-year  ice,  showing  that 
these  pairs  which  are  unresolved  by  GR(37,  18),  have  very 
different  scattering  characteristics.  The  passive  gradient 
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Fig.  9.  Passive  gradient  ratio,  GR(37,  18),  versus  active  gradient 
ratio,  GK(Ku,  for  the  different  ice  types. 


Fig,  10.  Passive  polarization  ratio,  PR(18),  versus  active  gradient 
ratio,  GR(Kuy  K^),  for  the  different  ice  types. 
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ratio  clearly  separates  the  dry  multiyear  ice  from  the  other 
categories  and  the  pancakes  from  the  nilas.  Neither  measure 
is  adequate  for  distinguishing  the  first-year  from  the  flooded 
multiyear  ice,  however.  The  polarization  ratio,  shown  in 
Figure  10,  provides  three  resolved  groups:  (1)  open  water 
and  nilas,  (2)  pancakes,  and  (3)  the  first-year  and  multiyear 
ice  types.  Combined  with  GRiK^,  Kq),  all  ice  types  except 
the  first-year  and  flooded  multiyear  are  separable. 

It  appears  that  similar  information  can  be  obtained  from 
either  of  the  two  representations  (Figures  9  and  10).  In  both 
cases  the  ability  to  distinguish  between  ice  types  is  improved 
over  the  combination  of  emissivity  and  backscatter  at  a 
single  frequency  (Figure  8).  The  information  contained  in 
Figures  9  and  10  appears  to  have  at  least  one  additional 
degree  of  freedom. 

Conclusions 

The  major  thrust  of  this  paper  has  been  to  examine 
microwave  properties  for  a  variety  of  ice  types  whose 
signatures  were  recorded  in  conjunction  with  a  first-order 
characterization  of  ice  properties.  The  ultimate  goal  is,  of 
course,  to  use  airborne  or  satellite-derived  remote  sensing 
data  to  differentiate  between  distinct  ice  types.  Microwave 
signatures  are  affected  by  the  properties  of  the  ice  including 
surface  roughness,  brine  and  liquid  content,  void  distribu¬ 
tion,  as  well  as  properties  of  the  snow  cover.  Although  the 
properties  within  single  ice  types  can  have  large  spatial  and 
temporal  variability,  we  found  that  certain  ice  types  have 
characteristic  microwave  signatures. 

For  young  and  first-year  ice  types,  emissivities  are  con¬ 
sistent  with  other  observations  that  have  been  made.  The 
emissivity  spectra  for  pancake  ice  is  slightly  higher  and 
flatter  than  that  for  nilas.  The  radar  backscattering  cross 
sections  for  pancake  and  nilas  are  very  similar,  however. 
The  distinction  between  thicker  first-year  ice  and  the  thinner 
ice  types  is  quite  clear  for  both  the  passive  and  active 
microwave  signatures.  The  emissivity  of  thicker  first-year 
ice  at  all  frequencies  is  close  to  unity,  while  the  backscatter 
coefficients  for  this  ice  type  are  larger  at  and  Kq  bands 
than  for  new  ice. 

The  emissivities  over  snow  covered  multiyear  ice  were 
found  to  have  a  negative  spectral  gradient,  consistent  with 
results  from  aircraft  measurements  in  the  central  Arctic 
although  with  somewhat  less  gradient.  Radar  backscatter 
was  the  strongest  of  any  ice  type  examined,  and  the  scatter¬ 
ing  increased  uniformly  with  frequency.  For  flooded  multi¬ 
year  ice,  however,  both  emissivities  and  backscatter  were 
nearly  indistinguishable  from  first-year  ice. 

Snow  covers  were  thicker  in  the  eastern  Arctic  than  have 
been  found  in  other  parts  of  the  Arctic.  A  thicker  snow  cover 
will  certainly  affect  the  microwave  signatures  directly,  but 
more  importantly,  they  are  sometimes  thick  enough  to 
depress  the  floe  and  cause  flooding.  If  flooded  multiyear  ice 
makes  up  a  significant  percentage  of  the  multiyear  ice 
fraction  within  the  marginal  ice  zone,  this  may  have  a 
profound  impact  on  the  concentration  of  first-year/multiyear 
ice  percentages  derived  from  airborne  and  satellite-borne 
radars  and  radiometers.  This  may  explain  a  significant  part 
of  the  apparent  discrepancy  between  SMMR  and  surface  and 
submarine  observations  [Cavalieri  et  u/.,  1984i>]  of  multi- 
year/first-year  ice  percentages. 

Ice  type  separation  is  clearly  improved  using  a  combina¬ 


tion  of  active  and  passive  microwave  signatures.  The  sepa¬ 
ration  becomes  even  more  distinct  if  gradient  and  polariza¬ 
tion  ratios  for  emissivity  are  contrasted  to  a  gradient  ratio 
calculated  for  the  active  microwave  backscatter.  Using  this 
method,  all  ice  types  examined  in  this  study  were  separable 
except  first-year  and  flooded  multiyear. 

Although  we  have  presented  only  a  few  cases,  they  are 
generally  representative  of  the  ice  types  found  in  the  Green¬ 
land  Sea  marginal  ice  zone.  Further  study  will  be  necessary 
to  determine  uncertainties  in  the  signatures  and  to  fully 
understand  the  relationships  between  the  microwave  signa¬ 
tures  and  more  detailed  ice  properties. 


Acknowledgments.  This  work  was  made  possible  by  funding 

from  the  Arctic  Program,  Office  of  Naval  Research,  and  from  the 

Oceanic  Processes  Branch,  National  Aeronautics  and  Space  Admin¬ 
istration.  We  gratefully  acknowledge  this  support. 

References 

Cavalieri,  D.  J.,  P.  Gloersen,  T.  T.  Wilheit,  and  C.  Calhoun,  Passive 
microwave  characteristics  of  the  Bering  Sea  ice  cover  during 
MIZEX-West,  IEEE  Trans.  Geosci.  Remote  Sens.,  GE-24,  3-37, 
1984a. 

Cavalieri,  D.  J.,  P.  Gloersen,  and  W.  J.  Campbell,  Determination  of 
sea  ice  parameters  with  Nimbus  7  SMMR,  J.  Geophys.  Res.,  89, 
5355-5369,  1984^. 

Cox,  G.  F.  N.,  and  W.  F.  Weeks,  Equations  for  determining  the  gas 
and  brine  volumes  in  sea  ice  samples,  J.  GlacioL,  29,  306-316, 
1983, 

Eicken,  H.,  and  M.  A.  Lange,  Development  and  properties  of  sea 
ice  in  the  coastal  regime  of  the  southeastern  Weddell  Sea,  J. 
Geophys.  Res.,  94,  8193-8206,  1989. 

Grenfell,  T.  C.,  Surface  based  passive  microwave  observations  of 
sea  ice  in  the  Bering  and  Greenland  Seas,  IEEE  Trans.  Geosci. 
Remote  Sens.,  GE-24,  378-382,  1986. 

Grenfell,  T.  C.,  and  J.  C.  Comiso,  Multifrequency  passive  micro¬ 
wave  observations  of  first-year  sea  ice  grown  in  a  tank,  IEEE 
Trans.  Geosci.  Remote  Sens.,  GE-24,  826-831,  1986. 

Kim,  Y.  S.,  R.  K.  Moore,  R.  G.  Onstott,  and  S.  Gogincni,  Tow^s 
identification  of  optimum  radar  parameters  for  sea  ice  monitoring, 
J.  GlacioL,  31,  214-219,  1985. 

Onstott,  R.  G.,  and  R.  A.  Shuchman,  Radar  backscatter  of  sea  ice 
during  winter,  in  Proceedings  of  International  Geoscience  and 
Remote  Sensing  Symposium  (IGARSS  *88),  vol.  II,  pp.  1115- 
1118,  European  Space  Agency  Publications  Division,  Noordwijk, 
Netherlands,  1988. 

Onstott,  R.  G.,  R.  K.  Moore,  and  W.  F.  Weeks,  Surface  based 
scatterometer  results  of  Arctic  sea  ice,  IEEE  Trans.  Geosci. 
Remote  Sens.,  GE-17,  74-85,  1979. 

Onstott,  R.  G.,  R.  K.  Moore,  S.  Gogineni,  and  C.  V.  Delker,  Four 
years  of  low  altitude  sea  ice  broadband  backscatter  measure¬ 
ments,  lEEEJ.  Oceanic  Eng.,  OE-7{\),  44-50,  1982. 

Shuchman,  R.  A.,  C.  C.  Wackerman,  A.  L.  Maffett,  R.  G.  Onstott, 
and  L.  L.  Sutherland,  The  discrimination  of  sea  ice  types  using 
SAR  backscatter  statistics,  paper  presented  at  International  Geo¬ 
science  and  Remote  Sensing  Symposium  (IGARSS  ’89),  IEEE, 
Vancouver,  Canada,  1989. 

Stogryn,  A.,  Strong  fluctuation  theory  for  moist  granular  media, 
IEEE  Trans.  Geosci.  Remote  Sens.,  GE’23,  78-83,  1985. 

Stogryn,  A.,  An  analysis  of  the  tensor  dielectric  constant  of  sea  ice 
at  microwave  frequencies,  IEEE  Trans.  Geosci.  Remote  Sens., 
GE-25,  147-158,  1987. 

Troy,  B.  E.,  J.  Q.  Hollinger,  R.  M.  Lemer,  and  M.  M.  Wisler, 
Measurements  of  microwave  properties  of  sea  ice  at  90  GHz  and 
lower  frequencies,  J.  Geophys.  Res.,  86,  4283-4289,  1981. 

Tsang,  L.,  and  J.  A.  Kong,  Application  of  strong  fluctuation  random 
medium  theory  to  scattering  from  vegetation-like  half  space,  IEEE 
Trans.  Geosci.  Remote  Sens.,  GE-19,  62-69,  1981. 

Tucker,  W.  B.,  Ill,  A.  J.  Gow,  and  W.  F.  Weeks,  Physical 
properties  of  summer  sea  ice  in  the  Fram  Strait,  J.  Geophys.  Res., 
92,  6787-6803,  1987. 

Ulaby,  F.  T..  R.  K.  Moore,  and  A.  K.  Fong,  Microwave  Remote 


134 


Tucker  et  al.:  Sea  Ice  Properties  in  the  Winter  Marginal  Ice  Zone 


4587 


Sensing:  Active  and  Passive,  vol.  2,  Radar  Remote  Sensing  and 
Surface  Scattering  and  Emission  Theory,  pp.  457-1064,  Addison 
Wesley,  Reading,  Mass.,  1982. 

Wackerman,  C.  C.,  R.  R.  Jentz,  and  R.  A.  Shuchman,  Sea  ice  type 
classification  of  SAR  imagery,  in  Proceedings  of  International 
Geoscience  and  Remote  Sensing  Symposium  (IGARSS  '88),  vol. 
I,  pp.  425-428,  European  Space  Agency  Publications  Division, 
Noordwijk,  Netherlands,  1988. 

Wadhams,  P.,  S.  Martin,  O.  M.  Johannessen,  W.  D.  Hibler  III,  and 
W.  J.  Campbell,  MIZEX:  A  program  for  mesoscale  air-ice-ocean 
interaction  experiments,  in  Arctic  Marginal  Ice  Zones,  I,  Re¬ 
search  Strategy,  CRREL  Spec.  Rep.  81-19,  pp.  1-20,  U.S.  Army 
Cold  Reg.  Res.  and  Eng.  Lab.,  Hanover,  N.  H.,  1981. 


A.  J.  Gow,  D.  K.  Perovich,  and  W.  B.  Tucker  III,  U.S.  Army 
Cold  Regions  Research  and  Engineering  Laboratory,  Lyme  Road, 
Hanover,  NH  03755. 

T.  C.  Grenfell,  Department  of  Atmospheric  Sciences,  AK-40, 
University  of  Washington,  Seattle,  WA  98195. 

R.  G.  Onstott,  R.  A.  Shuchman,  and  L.  L.  Sutherland,  Environ¬ 
mental  Research  Institute  of  Michigan,  Ann  Arbor,  MI  48107. 


(Received  March  26,  1990; 
revised  September  14,  1990; 
accepted  July  26,  1990.) 


135 


